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Resumo As doenças cardiovasculares correspondem atualmente a uma das maiores
causas de morte nos países desenvolvidos. A aterosclerose é uma destas
doenças e resulta, essencialmente, de um estilo de vida pouco saudável afe-
tando predominantemente as artérias de médio calibre: coronárias, carótidas,
renais, entre outras, e consiste no acumulamento de gordura no interior do
vaso sanguíneo até este ﬁcar completamente obstruído. Os stents são pe-
quenos dispositivos expansíveis que, uma vez colocados na artéria, expandem
permitindo assim que este vaso ﬁque desobstruído. Existem essencialmente
dois tipos de stents: os que são expandidos através de um balão e os que
expandem automaticamente. Estes últimos foram estudados no âmbito da
proposta dissertação, estando a sua grande diferença no material de que são
feitos. Os materiais com memória de forma têm sido alvo de pesquisa du-
rante as últimas décadas devido às suas características únicas. Distinguem-se
por, após terem sofrido uma deformação elevada, conseguirem recuperar a
sua forma original apenas através da aplicação de um estímulo, que pode
ser magnético ou de temperatura. O âmbito desta dissertação consistiu em
estudar os materiais com memória de forma, de modo a perceber o seu com-
portamento e as suas propriedades bem como a sua aplicação no software de
simulação numérica Femap with NX Nastran. Foram então estudados dois
modelos disponíveis comercialmente, através da execução de um teste de
ﬂexão. Diferentes tipos de análises e opções do software foram testadas, as-
sim como diferentes malhas para o mesmo modelo. Foi possível concluir que,
para o modelo teoricamente mais ﬂexível, os resultados foram semelhantes
à referência utilizada, enquanto que para o outro modelo foram encontradas
algumas diferenças. De notar ainda a inﬂuência do tamanho da malha nos
resultados obtidos.
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Abstract Cardiovascular disease is currently one of the major causes of death in devel-
oped countries. Atherosclerosis is one of these diseases and results from an
unhealthy lifestyle aﬀecting predominantly medium size arteries, such as the
coronary or the carotid artery. It consists on the deployment of layers of fat
in the vessel walls, narrowing the blood vessel and limiting the blood ﬂow.
Stents are small expandable devices that, when placed inside the artery, al-
low it to expand almost to its original form. There are two types of stents:
ballon expandable stents and self-expanding stents. Self-expanding stents
were the ones studied in this Dissertation and their major diﬀerence relies
on the material they were made of. Shape memory alloys have been re-
searched for the past decades due to their unique features. They are known
for being able to recover their original form after suﬀering a large deforma-
tion, through the application of a stimulus that can either be magnetic or
of temperature. The main goal of this Dissertation was to study the shape
memory alloys in order to have a better understanding of their behavior and
unique properties, so that it can be applied in numerical simulation software
(in this case Femap with NX Nastran). Therefore, it was performed a bend-
ing test on two commercially available models. Diﬀerent types of analysis
and options provided by the software, as well as three diﬀerent mesh sizes,
allowed to take diﬀerent conclusions. It was possible to conclude that, for
the theoretically more ﬂexible model, the obtained results were similar to the
ones used as a reference. Nevertheless, for the other model the results were
a bit diﬀerent than the ones expected. It was also noted that the mesh size
has noticeable inﬂuences on the results.
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Nomenclature
Af Austenitic ﬁnish temperature.
As Austenitic start temperature.
CA Stress inﬂuence coeﬃcient for austenite.
CM Stress inﬂuence coeﬃcient for martensite.
εtr Transformation strain.
EA Young's modulus of austenite.
EM Young's modulus of martensite.
G Shear modulus.
Hcur(σ) Current maximum transformation strain.
J2 Second invariant of a deviatoric tensor .
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Chapter 1
Introduction
It doesn't matter how many times you get knocked down. All that matters is you get up
one more time than you were knocked down.
Roy T. Bennett
Cardiovascular disease is one of the main causes of death in the most developed
countries. It is highly associated with risky behaviors such as an inappropriate diet or
the lack of physical activity, smoking and drinking habits, etc. Several devices have been
developed in order to treat this disease, and stents are one of them. Stents studied in
this dissertation are self expanding, which means they are made of a shape memory alloy
such as Nitinol.
The interest in the areas of biomechanics and numerical simulation (particularly on
the Finite Element Method (FEM)), led to the main motivation of this work. Based
mainly on the work of Ferraro [2], but also covering a wide number of works in modeling
and numerical simulation applied to material science and biomechanics, this Disserta-
tion aims to study the structural instability of cardiovascular stents commonly found in
commercial applications. Therefore, the present work has as main objectives:
 to study the structural instability of cardiovascular stents using a commercial FEM
software;
 to perform bending tests in two diﬀerent stent models, understanding and using
the Femap with NX Nastran library of solvers and material models;
 to study the physical aspects behind the behavior of Shape memory alloys (SMA)
in order to have a better understanding on the eﬀects that characterize them.
The research and study of constitutive models that allow to characterize shape
memory alloys represent an important step in understanding the behavior of these ma-
terials. This is crucial so that tools for computational simulations can be more accurate
in predicting the behavior of the stent under working conditions. It is also important
for the patient and the surgeon, because with the advance on technology it becomes
each day more possible to apply the most appropriate device for the patient's pathol-
ogy. Within the present work, three constitutive models for SMA were studied, namely
Souza et al. model [26], Auricchio-Taylor model [27] and Auricchio-Petrini model [4].
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It is worth mentioning that the study of SMA, both from the point of view of modern
science, and related to the aspects associated with constitutive modeling and numerical
simulation involving those materials are subjects far beyond the typical ones covered in
a mechanical engineering course.
In order to achieve the goals presented before, two diﬀerent stent models used in
clinical practice were provided by the Università degli Studi di Pavia (Italy). These
models helped in studying the structural instability typical of carotid cardiovascular
stents. An iterative and incremental approach was used, i.e. initial tests were performed
in simple models, so that the geometry would not interfere with the analysis, and using a
linear material in order to avoid material nonlinearities (present in shape memory alloys).
These simple models were created in order to understand how the material is processed
by Femap, followed by models that had just a small portion of the stent (unitary cells)
and lately, with the stent itself being tested. For the last models used, two diﬀerent
materials were tested, an elastic material (for benchmarking purposes) and a Nitinol
alloy.
The obtained results showed that the ﬂexibility of the stent is a really important
feature for these devices. For one of the tested models, the results (when comparing
to the ones obtained by Ferraro [2]), are satisfactory. However, for the other model
tested, the story is not the same. Also, contrarily to what was expected, when using a
large displacement regime (Ferraro's approach) the results are far worse in terms of the
maximum constraint force.
Reading Guide
In order to help the reader through the whole document, the summary of chapters is as
follows:
 Chapter 2: a small introduction is made so that the reader can have a general back-
ground on what is going to be presented on the following chapters. Cardiovascular
diseases, stents and their main features, as well as the concept behind bending tests
or ﬁnite element analysis, are explained;
 Chapter 3: shape memory major commercial applications such as mechanical,
biomedical and structural application, are presented. Diﬀerent stent types are
reviewed along with stent materials, mechanism of expansion, manufacturing meth-
ods, geometry and possible additions are discussed;
 Chapter 4: phenomenology of phase transformation in shape memory alloys, as well
as these alloys properties, are explained. Shape memory eﬀect, pseudoelasticity,
cyclic and fatigue behavior are the four main topics approached. Then, the eﬀect
of alloying is presented and nitinol has its properties presented too. Lately on
this chapter, selected constitutive phenomenological shape memory alloys models
are studied, particularly Souza et al. model [26], Auricchio-Taylor model [27] and
Auricchio and Petrini model [4], due to the fact that these are highly used and that
Auricchio is a well known author in SMA ﬁeld;
 Chapter 5: the methodology used in this dissertation is described. This is divided
in three main parts, regarding the diﬀerent tests and models used;
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 Chapter 6: the obtained results for the whole work are presented in this chapter.
This chapter is divided in four main sections: the tensile test, prototype models
results, model A results and later model B results;
 Chapter 7: Conclusions and future work are presented. The same way as above,
also the conclusions are divided in four main topics. This way it is intended that
the reader can create an easier connection between the conclusions and the results
presented.
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Chapter 2
General overview
The technological evolution seen everyday implies that improvements must be done re-
garding all the existing materials and technologies. Therefore, medical applications are
no diﬀerent. There is an increasing need for researching the smallest device that can
have the same beneﬁts or even more than its nearest commercially available rival. This
continuous search for the better device implies that some requirements, as safety and
eﬃciency in terms of delivery process, implantation and long-term performance need to
be fulﬁlled.
In order to fulﬁll these requirements, a deep comprehension of the material behavior
takes an important role. However, this is not the only thing that needs to be studied.
Conditions such as geometry or the working conditions usually make it harder to ex-
perimentally test the material behavior for a speciﬁc device. This is where numerical
simulation begins. With the advance in computational modeling techniques, plus the ac-
curacy of the provided results, this can be an amazing tool to comprehend how a certain
device will behave beneath the work conditions, without having to have it tested in a
human being.
One of the main objectives of this chapter is to introduce the reader to the devices
that will be studied during the whole Dissertation, specially why they are used, how
much can they cost to the patient (biologically speaking), what impact do they have in
our society, which surgical techniques exist and so on.
Afterwards, it will be analyzed the natural behavior of shape memory alloys (specif-
ically Nitinol), using the material constitutive models proposed by Souza et al. [26],
Auricchio-Petrini [4] and Auricchio-Taylor[27] proposals. These models were studied due
to the fact that they are some of the most studied and because their authors had a big
contribution to the research of SMA. In order to have a better understanding of this
topic and to consolidate this study, a Finite Element Analysis (FEA) will be performed
having as a main objective to observe how the diﬀerences on the material and in the
geometry inﬂuence the device deformation. Therefore, there will be presented two dif-
ferent kinds of analysis, a static one regarding only the elastic part of the material and a
nonlinear one that includes geometric and material nonlinearities, simulating the shape
memory alloy behavior.
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2.1 Cardiovascular disease
Cardiovascular disease (CVD) is usually described as a group of medical disorders that
aﬀect the heart and the blood vessels surrounding it. There are diﬀerent forms of CVD,
namely high blood pressure, coronary artery disease, valvular heart disease, stroke or
rheumatic heart disease. It represents one of the major causes of death in Europe and
also in the European union (EU), with data showing that 45% of all deaths in the
european continent are caused by CVD. For EU it represents 37% of all deaths, 6M new
cases of the disease and a total cost of e 210 billions every year [28]. For all of these
reasons, cardiovascular disease is one of the most studied subjects. Risk factors such
as an inappropriate diet, mental health, overweight and obesity, diabetes, smoking and
drinking habits and the lack of physical activity, can improve the development of a lot
of diseases, such as the CVD. Obviously these are not the only factors that promote the
development of this disease, a person's genetic can also be very important factor but it
usually represents a smaller number of cases. Therefore, some of the CVD treatments
are directly related with lifestyle routine changing actions and with the use of the proper
medication. Nevertheless not every case is the same, and some of them need a severe
intervention such as surgery.
One of the most common CVD form is atherosclerosis, which is a disease where a
layer of fat, cholesterol, calcium and other substances found in the blood, also called
plaque, gradually grow inside the artery walls, getting bigger and harder as the time
passes, narrowing the blood vessel and so limiting the ﬂow of blood (rich in oxygen) that
is provided to the internal organs and other parts of the human body [6].
Figure 2.1: Healthy artery (A) versus a narrowed artery (B) [6].
There can be clogged arteries in any part of the human body, including the arteries
on the arms, legs, heart, brain, pelvis and kidneys. Depending on which arteries are
aﬀected, diﬀerent diseases may develop:
 when the heart arteries are aﬀected it can lead to angina or heart attack, due to
the lack of blood supply which may cause too much eﬀort from the myocardium;
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 when the brain arteries are aﬀected it can cause a stroke because the lack of oxygen
in the brain;
 when the arteries of the legs are aﬀected it can lead to a leg pain.
During this project the carotid stents will be studied, used mainly to prevent strokes.
Stroke
A stroke is described as the appearing of a sudden clot in the carotid artery, interrupting
the blood ﬂow to the brain and leaving the last one without oxygen. The carotid arteries
are the major blood vessels in the neck and they allow the blood supply to the neck, face
and the brain.
Figure 2.2: Carotid arteries anatomy [7].
A stroke can have a lot of consequences in a person's life and these consequences
are not always the same, because all strokes are diﬀerent. Some people are left with
more serious and long term problems while others suﬀer only relatively minor eﬀects and
these are short-term. First of all it can aﬀect the most basic body functions, such as
problems with the mobility and balance, that usually happen only in one side of the
body. These can be caused by muscle weakness or can even be a paralysis more or less
severe. It can also aﬀect the person's vision, swallowing or its bladder and bowels and can
leave the person quickly tired even by doing the most basic functions. It can also aﬀect
the cognitive functions, for example, one third of stroke survivors has aphasia which
is a diﬃculty to understand what other people are saying, in reading what is written
and even in writing. Short-term memory can also be aﬀected and the person will have
diﬃculty in remember what they were doing or what someone told them a few moments
ago. Concentration problems as well as problem solving can happen too. Another usual
problem is the emotional changes, like for example, sudden bursts of emotions that can
lead to depression and anxiety [29].
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2.2 Stents
By deﬁnition, a stent is an expandable metal tube which main function is to support
the artery walls in order to maintain the blood ﬂow through the opened vessel. They
can also be deﬁned as implantable devices that are used to open various types of body
passageways such as blood vessels, bile ducts, urinary tracts and even the esophagus.
Figure 2.3: Example of a stent [8].
There are mainly two types of stents, self-expanding stents and balloon expandable
stents, and they can be made from diﬀerent materials such as stainless steel, elgiloy,
tantalum, nitinol or polymers. These devices are designed in order to have a very high
fatigue life span (10 years of heart beat cycles equals approximately to 400 million cycles
in terms of fatigue)[30].
According to Sangiorgi et al. [31], there are a few characteristics that an "ideal" stent
should have. These features include good biocompatibility so that it can be accepted by
the human body, ﬂexibility, trackablity, high radial strength, low surface area, hydrody-
namic compatibility, circumferential coverage, thromboresistance and radiopacity. Other
researchers refer that it also should have a design that guarantees enough ﬂexibility in
order to ensure a safe deployment. Karaçali [32] referred that there are only two basic
requirements for designers: an "inﬁnite" life and thinnest wires. In fact, one of the major
challenges for stent designers regards the balance that needs to exist between long-term
performance attributes (axial and circumferential stiﬀness and strength, conformability
and side branch preservation) and considerations relating the deliverability and deploy-
ment, such as constrained proﬁle and ﬂexibility. Lastly all of these attributes must be
properly balanced given the anatomical challenges and dynamic forces that are exerted
by the vessel on the device. It is easily understandable that structural requirements of
the optimal carotid artery stent are various and often contradictory [33]. This implies
that there are diﬀerent variables that designers have to pay attention to such as the strut
length and width, the bridge conﬁguration, wire diameter and pitch, the selection of the
correct material and the processing conditions in order to obtain the optimal performance
for the referred device [34]. However, they are still very complex structures and there
is no commercially available solution with all of these features. This has been widely
studied on the past decades both from the experimentally and numerically point of view
and it is where engineering begins.
Kemp and Ritchey [35] explained, within the category of mechanical testing, what
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tests are usually performed in stents in order to validate these devices and what guides
can be used to help perform those tests. Despite the design requirements referred before,
the utmost important is by far the stent ﬂexibility. A correct deployment of the stent in
the vessel, in terms of performance and security, implies that the stent ﬂexibility must
be adequate which is usually evaluated by the means of bending tests.
The referred mechanical tests are performed under in vitro conditions and they help
designers and researchers to gather important information in order to build devices with
the lowest possible rates for risk failure. Numerical simulation helps when it comes to
test the referred device under in vivo conditions, but in order to provide more accurate
data for FEA, experimental testing allows experimental validation. A lot of benchmark
tests have been performed during the past decade, using both FEA and experimental
analysis. However, FEA has been used mostly in order to serve as a complementary tool
to the experimental studies. Therefore, and following the division made by Kemp and
Ritchey [35] it is possible to divide the mechanical tests in ﬁve categories:
 tensile testing of stent materials: it allows the user to have a better understanding of
the upper and lower plateau strengths, tensile strength and elongation of materials
like Nitinol. It comes with a few challenges because these materials are relatively
hard and diﬃcult to clamp using conventional jaws. Therefore, jaws with adjustable
clamping forces or a strain measurement is carried out using a non-contacting video
based extensometer;
 ﬂexural testing of stents: usually bending tests are performed in order to characterize
the bending ﬂexibility of stents. These tests have been studied in the literature for
decades and will be explained later in this dissertation;
 radial force testing of stents: the radial force that the device implies to the vessel
wall is one of the most critical parameters for successful procedures. Insuﬃcient
forces can result in a poor ﬁt of the device, increasing the chances of needing risky
revision procedures later. Using a ﬁxture with a segmental compression mechanism,
it is possible to determine radial stiﬀness, chronic outward forces during expansion
and compression, as well as the radial reactive force;
 securement testing: provides guidance in the evaluation of the securement charac-
teristics associated with endovascular stents to delivery balloon catheter. This is
intended for the development and selection of pre-test treatments, tests and test
endpoints to measure stent securement (displacement distance and dislodgement
forces);
 fatigue testing of stents and stent materials: this test involves placing stents into
mock arteries and subjecting them to 400 million cycles of internal pressure pul-
sation (corresponding to 10 years of human heartbeats), forcing them to radially
expand and contract in each cycle.
2.2.1 Bending tests
Carotid angioplasty with stenting (CAS) have been widely used in the last two decades
(1995) to prevent strokes, due to the fact that it quickly became a reliable alternative to
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the conventional approach, the carotid endarterectomy. Nevertheless, a correct delivery
and placement of the stent is one of the most important requirements so that it does
not compromise the successful performance of the implant. For this reason, the design
requirements include a good ﬂexibility of the stent, which usually includes an evaluation
by the means of bending tests, and also a reduction of the stress generated by the
interaction between the device and the biological tissue. The deﬁnition of ﬂexibility is
given by Ferraro et al. [33] as the capability to properly bend in order to accommodate the
tortuous vascular structure, being considered one of the main features for cardiovascular
stents.
In the literature, the bending test has been approached in essentially three diﬀerent
ways: the cantilever beam test [9; 36], the three point bending test [37] and the four
point bending test [11; 38]. Although they have some diﬀerences between them, both of
them present almost the same outcomes. When comparing stents with diﬀerent geome-
tries, some present higher ﬂexibility, therefore higher adaptability to the vessel, but less
scaﬀolding properties. All of the reviewed literature compared diﬀerent commercially
available stents.
Figure 2.4: Cantilever beam
test [9].
Figure 2.5: Three-point
bending test [10].
Figure 2.6: Four-point
bending test [11].
2.3 Carotid angioplasty with stenting
There are diﬀerent types of surgery and diﬀerent types of surgical approaches too, in-
cluding open-heart surgery, oﬀ-pump heart surgery, and minimally invasive heart surgery.
The type of approach that is used in the surgery depends on the patient's heart prob-
lem, general health and other conditions. Like referred before, carotid arteries are blood
vessels that bring blood to the brain and face. There is a carotid artery on each side of
the human neck. A partial blockage of the artery (narrowing) is called stenosis and when
the brain does not get enough blood, a stroke can occur. There are two types of proce-
dures that can be used to treat a narrowed or blocked carotid artery: endarterectomy (a
surgery to remove the plaque) and angioplasty (with stent placement).
CAS, also called carotid artery stenting, has as main goal the restoration of a near-
normal lumen. The angioplasty expands the lumen in the diseased stenotic carotid artery
while the stent prevents its recoil. CAS appeared as a viable alternative for patients who
were poor candidates for Carotid endarterectomy (CEA). This slightly new procedure
(ﬁrst intervention is dated from 1980 [39]) is done using a minimally invasive technique,
which causes less trauma than the so called traditional one, invasive surgery, and so it
provides a care cost reduction allowing to treat higher risk patients.
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In the procedure, the surgeon will make a small surgical cut in the groin, arm or wrist.
Then he will introduce a catheter through the cut in order to reach the artery. After
this, he will move the catheter up to the neck to the location of the narrowed artery. In
order to see the narrowed artery and guide the catheter to the correct position, moving
x-ray pictures are used. Then, the surgeon will move a wire through the catheter and will
insert another catheter, depending on the type of stent used, with a very small balloon
on the end of it. Finally he will inﬂate the balloon so that it can expand and press
inside the artery wall and let more blood ﬂow to the brain. The balloon is then deﬂated
and removed and the stent is placed. Regarding the self-expanding stents, there is no
need of using the balloon to expand the stent, once its constitutive material allows it
to expand by himself because of the human body temperature. The diﬀerences between
both approaches can be seen in ﬁgure 2.7.
Figure 2.7: Carotid endarterectomy versus carotid angioplasty stenting [12].
As any other surgical procedure, carotid angioplasty stenting also has its risks being
the re-narrowing of the artery (also called restenosis) one of the most studied, with the
development of stents being one of the solutions. Also the blood clots can be a risk
associated to this procedure, because they can cause an heart attack. Other risks can be
named too, such as artery damage, kidney problems, stroke, heart attack and abnormal
heart rhythms. Clinical experts underline that the success of CAS is strongly dependent
on the operator ability and should be supported by a proper selection of patients and
devices [40]. Although both methods have their own risks associated, Siddiqui et al. [39]
defended that they are complementary because when one of the procedures represents a
major risk for the patient, the other is usually feasible with acceptable risk.
2.4 Finite element analysis
Finite element analyses have been widely used in the past decades specially when exper-
imental tests are diﬃcult to implement or when there is a large number of variables like
the materials, geometries and loading conditions that need to be researched before man-
ufacturing the ﬁnal device. Therefore, Xu et al. [41] suggested that FEM is being widely
used to study mechanical properties of stents and that these studies can be categorized
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in two types:
 the study of mechanical properties of stents during the process of free expansion
without any external constraints;
 the study of mechanical properties of stents surrounded by blood vessels.
The ﬁrst type is mainly used to obtain the mechanical behaviors of the structure,
such as the axial contraction, ﬂexibility, radial recoil rate, strain distribution in stent
ends, uniformity of expansion, fatigue of the stent, among others. The second type is
mainly used to study the interaction between the device and the blood vessel.
Most of the studies and research available nowadays, explores coronary artery stents
and the placement of these inside the vessel, plus how the interaction between them
occurs. Also, most of the numerical simulation performed in those studies is based in
the material constitutive macro models which are used to write in house subroutines (or
user deﬁned)that describe the material behavior, to later use on the ﬁnite element solver
Abaqus. For example, Karaçali [32] studied the structural behavior and fatigue properties
of coronary stents using ﬁnite element analysis. Lally, Dolan and Prendergast [42] used
ﬁnite element analysis to investigate the mechanical behavior of stents and to determine
the biomechanical interaction between the stent and the artery in a stenting procedure.
On the other hand, Wang et al. [43] applied FEM to simulate the transient expansion
process of stent/balloon system with six diﬀerent stent structures and balloon length
under internal pressure. The three of them used stents for coronary arteries. Recently,
Schiavone, Qiu and Zhao [13] compared the mechanical performance of metallic and
bioabsorbable polymeric stents during the process of crimping and deployment and for
the analysis they used ﬁnite element solver Abaqus. In the following chapters, diﬀerent
shape memory alloy applications will be presented and the behavior of this material will
be explained.
Figure 2.8: Example of a numerical simulation with FEM showing the von Mises stress
on diﬀerent stents after deployment [13].
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Shape memory alloys
Driven by the needs of the advance in the technology, that leads the society towards
'smart' systems with adaptive and/or intelligent functions and features, new materials
are kept on being developed for enhanced performance and/or new functions.
SMA are deﬁned as a group of metallic alloys that exihibits unique properties. This
group can also be known as smart alloys or smart materials and it was ﬁrst discovered
by Arny Ölander in 1932 [1]. Shape memory materials (SMM) can recover their original
form (size or shape) from a signiﬁcant deformation (values from 6-8 % of deformation)
when a stimulus is applied. This means that these materials will recover their original
form when heated beyond a certain temperature, either by external or internal heating, or
other relevant stimuli such as a magnetic ﬁeld (for magnetic shape memory alloys). This
is called the Shape memory eﬀect (SME) and it can be used in many ﬁelds like aerospace
engineering, mini actuators and Micro-electromechanical system (MEMS), robotics and
medical devices (e.g. stents).
Another interesting eﬀect that characterizes shape memory alloys is the so called
Superelasticity (SE), that will be studied in the present chapter along with shape memory
eﬀect. Also, in this dissertation it will only be studied shape memory alloys that need
heating as a stimulus. Representing a speciﬁc class of material, shape memory alloys have
two solid phases with three diﬀerent crystal structures: austenite, detwinned martensite
and twinned martensite. When a SMA is heated, it starts to transform from martensite
phase (low temperature phase) into the austenite phase (high temperature phase) and
so it regains its original form. It is possible to note that temperature is another key
feature for these materials. Therefore, there are four main temperatures that need a
special attention, martensitic start and ﬁnish temperatures and austenitic start and ﬁnish
temperatures.
The most common shape memory material is the well known Nitinol. This material
has been studied and researched for decades and is also referred a several times during this
document. However there are plenty alloys to represent this class of materials, each one of
them with their main peculiarities. In fact, improving the material composition has been
object of research in the past few years. Researchers have been trying to achieve a wide
operating temperature range, to have better material stability, to improve the material
response, among others [1]. They have also been trying to found alternative forms or
shapes to this material in order to be able to use them in more and more applications.
In the following topics, diverse areas of application of SMA are approached with the
main focus being on the biomedical applications. This area is also the most studied
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and the one that presents more applications. One explanation for this is the fact that
NiTi alloys (Nickel-Titanium) have a good workability during the martensite phase and
has a good resistance to corrosion and fatigue, which constitutes a big advantage for
these materials [44]. However, the demand for the use of SMA for engineering and
technical applications has been increasing in a lot commercial ﬁelds such as in consumer
products and industrial applications, structures and composites, automotive, aerospace,
mini-actuators and micro-electromechanical systems, robotics, biomedical and even in
fashion [1].
3.1 Commercial applications
Although the ﬁrst time the SME was found was in an AuCd alloy in 1932, the attraction
of this phenomenon was not so apparent until 1962, when William Buehler and Frederick
Wang at the Naval Ordnance Laboratories, revealed the shape memory eﬀect in the NiTi
alloy [45]. Since then, SME and SE have been extensively researched and studied due
to their potential use in many applications.
Nowadays there are diﬀerent forms and shapes of SMA that have been developed
in solid, ﬁlm and even foam. There are other advantages too related with these alloys,
and the fact that they can be used in various conﬁgurations and shapes such as helical
springs, torsion springs, straight wires, cantilever strips and torsion tubes is one of them.
The more important alloys, commercially speaking, are NiTi-based, Cu-base and Fe-
based. Although every one of this alloys has their own advantages, NiTi-based SMA are
much more preferable for most applications and nowadays, most of the SMA devices are
produced with them [46].
The ﬁrst SMA successful application is dated from December 1970, and it was named
Cryoﬁt [1; 47]. This device consisted in a tube coupling and it was applied in a U.S.
Navy F-14 ﬁghter aircraft. This was the start for the production of a million couplings
in the following years. It was also the ﬁrst time that a shape memory device became
reliable in a high pressure hydraulic system. Although since the beginning there have
been thousands of patents, the list of the truly commercially successful devices is quite
a small list.
The major ﬁeld of application of this materials is the medical ﬁeld with a lot of
applications even on the orthodontics. But, fasteners and couplings have a lot of im-
portance too, specially in the military sector. SMA can also be found in some cellular
phone antennas, eyeglass framers or even in actuators. The cellular phone antenna was
formerly made of stainless steel but now, due to the great resistance to permanent set
on bending and accidental damage, they are usually made of NiTi. Another example of
an application are the women's brassieres that have two main requirements, esthetic and
structural. NiTi wires are used to oﬀer more comfort (contrarily to the conventional steel
wires) due to its lower elastic modulus when compared to steel's. They are also resistant
to permanent deformation that can result from the cycles of washing and drying. Some
of this applications will be explained in the following subsections.
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3.1.1 Mechanical applications
One of the major ﬁelds of SMA application is the mechanical one, where (due to the
evolution of the current technology) vehicles require a higher number of sensors and
actuators than ever before. This happens essentially due to the pursuit of safer and com-
fortable vehicles and with better performance. Industries like automotive and aerospace
are the ones more aﬀected by this factors. Some examples of both are presented in the
following topics.
Cryoﬁt coupling
Like it was said before, this device was the ﬁrst successful application of SMA and it was
made of a hollow cylinder of cryogenic NiTiFe that was previously expanded and stored
in the martensitic state until the assembly. It has an inside diameter smaller than the
tubing diameter that allows to do the coupling. After its installation onto the tubing,
and with the temperature rising, the inner-diameter of the coupling recovers its initial
shape and forms a strong joint [47], an example of it as seen in ﬁgure 3.1.
Figure 3.1: Cryoﬁt coupling example [14].
Diesel fuel injectors plug for sealing
Devices made of NiTiNb (Nickel-titanium-niobium) need to be heated in order to regain
their original form. This alloy, has a wide hysteresis which allows it to be used in the
more varied devices, especially between the electronic and mechanical ones. One of its
successes is the plug for sealing high-pressure fuel passage in diesel fuel injectors. This
allows to install a more reliable seal at much lower temperatures then a brazed steel plug
[47].
Actuators
There are diﬀerent kinds of actuators in several shapes. They can be wires, compression
and tension springs or cantilevers. One of its earliest applications was for the remote
opening and closing of louvers on automobile fog lights. In the automotive industry,
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most of the actuators are occasionally used as linear actuators which allows to reduce
the scale, weight and cost of its components. It can also provide some substantial beneﬁts
in terms of performance, comparing to conventional actuators.
A good example of this is the seventh generation of the Chevrolet Corvette by General
Motors that was the ﬁrst with a SMA actuator. But General Motors is already developing
new technologies using SMA, such as an electric generator to generate electricity from
exhaust heat [1].
Thermal actuators, that can be used as both sensors and actuators, can have diﬀerent
applications too, for example, the production of NiTiCu (Nickel-titanium-copper) springs
for controlling the opening of the door in a self-cleaning oven. Or, they can also be used
in domestic safety devices, like an anti scald valve to prevent excessively hot water in
the tub, sink, etc. It has a small cantilever NiTiCu element that when heated above a
certain temperature, closes the valve. It will automatically open when the temperature
is safe.
Another example is a NiTiCu valve that when heated to a predetermined temperature,
vents the air valve in order to control the ﬂow of the processing gases and closing when
the gases are toxic or highly ﬂammable. It can also be included in this group the so called
MEMS, microelectronical devices that are like mini-valves and that are used to control
gas and liquid ﬂows in manufacturing processes, pneumatic controls, in instruments, or
even potentially in medical devices.
Aerospace
Aerospace applications are usually subjected to high dynamic loads and geometric space
constraints, which means design requirements are needed for this devices to have good
performances. Therefore, SMA have gathered great interest in this area due to their
unique properties. It is possible to found applications such as release and deployment
mechanisms, sealers, vibration dampers, inﬂatable structures, actuators, structural con-
nectors, among others.
Icardi and Ferraro [48] used ﬁnite element simulations to study an adaptive wing
for a small Unmanned aircraft (UAV) entirely actuated by SMA devices. This wing
was capable of smoothly deform with small stresses. This was achieved by limiting the
deformation to four percent in order to the material fully recover its initial shape. In
the same logical thought, Soﬂa et al. [49] studied several smart materials such as SMA,
Shape memory polymers (SMP) and Piezoelectric actuators (PTZ) in order to provide
diﬀerent concepts on shape morphing of aircraft wings that were then evaluated by the
authors. They performed diﬀerent kinds of tests, including bending and twisting. In the
end, they concluded that antagonistic SMA-actuated ﬂexural structures form a possible
enabling technology for wing morphing of small aircraft. Also, the use of SMA reduces
the weight penalty due to the actuations systems, because this ﬂexural structures can
carry aerodynamic loads and undergo large shape changes.
A Variable geometry chevron (VGC) was developed by Boeing and its main purpose
is to reduce jet engine noise in the take-oﬀ ﬂight regime and providing maximum thrust
at cruise regime. Hartl et al. [50] focused their work on two diﬀerent parts: the training
of the used material and the numerical modeling of the jet engine chevron application.
The VGC uses NiTi (60% Ni and 40% Ti) SMA beam elements encased in composite
chevrons, in a complex conﬁguration in order to induce the necessary bending moments.
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This way the chevrons are forced inwards into the bypass ﬂow at low altitudes and low
speeds, where the temperature of the engine is high.
Turner et al. [51] presented a study that corresponds to an extension of the previously
reported in literature. It consists of Nitinol actuators embedded on one side of the neutral
axis of a laminated composite structure, instead of the bender elements that worked
against a metallic or composite main structure in order to provide the deﬂection control.
Figure 3.2: Boeing ﬂight test with vari-
able geometry chevron [15].
Figure 3.3: Boieng VGC stress contour
results of FEA [15].
There are also other proposed or developed SMA applications such as the telescopic
wing system [52], low-shock release mechanism in satellites, jet engine components, mor-
phing structures, among others. Researchers have been trying to ﬁnd new applications
to this material due to the fact that it helps reducing the weight of the components and
because of their high actuation energy density.
SMA are also used in actuation of several components such as solar panels. In fact,
due to their slow actuation because of the gradual heating, these materials are suitable
for low-shock release. This is an important feature for spacecrafts or satellites because it
is essential that they are deployed with minimal vibration and shock since they are very
sensitive. The Lightweight Flexible Solar Array (LFSA) is a deployment device that has
SMA hinges. Each one of this comprises thin SMA strips that are heat treated in the
deployed conﬁguration. When electric power is applied to the heaters, the SMA suﬀers
a phase change and deploys the hinge [23; 53].
3.1.2 Biomedical applications
In terms of high performance and good compatibility, NiTi alloys should be the ﬁrst
choice when it comes to medical devices because they exhibit excellent properties. Also,
because SMA are capable of actuating in a fully three-dimensional manner, allowing to
fabricate components that can extend, bend, twist, in isolation or combination. NiTi
alloys are usually used in self-expanding stents and guide wires in Minimally Invasive
Surgery (MIS). In fact, since the 80s that SMA are used in a diverge range of robotic
applications, especially in biomedical devices, therefore, most of them are biologically
inspired.
But the very ﬁrst application of SMA in this area was the proposal to use Nitinol
for implants in dentistry, right after the discovery of NiTi in 1962. A few years late, in
1971, George B. Andreasen [1] introduced the ﬁrst orthodontic bridge wires made from
a NiTi alloy. However, the real breakthrough into the biomedical area of SMA was only
when their use in minimally invasive surgery was discovered.
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Biomedical stainless steel devices are cheaper than NiTi alloys devices, but SMA
exhibit an excellent behavior for biomedical applications, like for instance high corrosion
resistance, biocompatibility and another unique properties that allow them to replicate
human tissues and bones properties. They can also be manufactured in order to respond
and change at the temperature of the body.
There are a lot of ﬁelds of application for SMA in biomedical area, such as ortho-
pedics, neurology and cardiology. The diﬀerent ﬁelds and its respective applications are
presented in the ﬁgure 3.4 and in the table 3.1, presented next.
Figure 3.4: Human body SMA potential applications [1].
Table 3.1: SMAs existing and potential applications in biomedical area (adapted from
[1]).
Fields Applications
Orthodontic
Braces/Brackets
Palatal arches
Files
Orthopedic
Head
Spine
Bone
Muscles
Hands/Fingers
Legs
Vascular
Aorta
Arteries
Vena Cava ﬁlter
Ventricular septal defect (VSD)
Vessels
Valves
Surgical Instruments
Catheters/Snares
Andreia Esteves Santos Master Degree Dissertation
3.Shape memory alloys 21
Table 3.1: SMAs existing and potential applications in biomedical area (adapted from
[1]).
Fields Applications
Scopes (Ureteroscopy, endoscopy, laparoscopy)
Suture
Miscellaneous
Cardiology (Heart)
Hepatology (Liver, gallbladder, biliary tree and pancreas)
Otorhinolaryngology (Ear, nose and throat)
Gastroenterology (Gullet, stomach and intestine)
Urology (Kidneys, adrenal glands, ureters, urethra, etc)
Plastic, reconstructive and aesthetic surgery
Ophtalmology (Eye)
Over the past few years, fracture and fatigue of SMA have been two of the main
concerns for researchers. In order to understand these behaviors, several observations
and follow-up studies were conducted. This search for the better understanding of SMA
behavior happens so that in the future, biomedical applications can have better designs
that fulﬁll all of the requirements.
Stents
As it was said before, stents can be deﬁned as expandable metal tubes that can be
implanted to support the artery walls in order to maintain the blood ﬂow through the
vessel. In the beginning, stents were originally made of an heat-treated metal band of
inert steel, with a simple coil design. Its ﬁrst clinical trial in humans took place in
the early 80s when Maass [54] presented the double helix spiral prosthesis. This spiral
stent was mounted on a special ﬂexible delivery instrument and was kept in place after
the delivery by its self-expanding force. It was originally developed to be used in large
vessels like the aorta and the vena cava. In order to have a very good expansion ratio they
required large delivery systems, with 7 mm diameter. The ﬁrst SMA stent was developed
by Dotter's group in 1983 and since then, the stents evolution is quite remarkable. What
was a simple coiled wire in the beginning, became now a complex laser cut structure.
Nowadays, stents are usually made of 316L stainless steel or Nitinol (being nearly half
of the stents produced made of SMA [1]) and the last ones stand out relatively to the
ﬁrst ones when it comes to the ability of deformation due to SMA's unique properties,
superelasticity and shape memory eﬀect. The superelastic behavior of SMA allows to
overcome some of the challenges presented by stenting operations. Stents made of shape
memory materials are much more compliant to bending in the respective vessel and to
adapting to the lumen contours, contrarily to stainless steel stents that tend to force
the blood vessel straight. In addition, its hysteresis behavior allows the SMA to resist
crushing during the normal physiological process, because it provides radial resistive
force. It also exert a small outward force on the vessel during its process of recovering,
which makes it ideal for the stent application.
The application of SMA to CAS procedure allowed to improve the active catheter
capability to move with larger bending angles. Therefore, catheter-based surgeries have
become increasingly popular due to the demand for MIS treatment.
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Artiﬁcial myocardium
A mechano-electric artiﬁcial myocardium assist system that is capable of supporting
natural contractile functions, was developed by Shiraishi et al. [16]. To develop this
system they used a nano-tech covalent type shape memory alloy ﬁbre. It was tested in
a mechanical circulatory system and by performing animal experiments in goats. After
evaluating the contractile functions and the hemodynamic performance. They conclude
that the system could assist natural ventricular functions with physiological demand,
and therefore it might be applied to patients with exertional heart stroke, as well as the
cardiac massage at lifesaving emergency for the recovery from ventricular ﬁbrillation.
Figure 3.5: Schematic illustration of an artiﬁcial myocardium [16].
3.1.3 Structural applications
Shape memory alloys can also have applications in civil engineering. A good example
are shape memory tendons that are being tested in buildings in order to minimize the
damage caused by earthquakes. A similar mechanism is being tested on bridges because
of the vibrations they suﬀer that can lead to dangerous stresses. It has already been
shown that shape memory alloys can suppress vibrations.
Since 2001, several studies were performed regarding SMA braces and SMA-bracing
systems [55; 56; 57] in order to suppress vibrations in structures. Force capacity, device
length, residual displacement and energy dissipation capacity are some of the key features
for SMA-based bracing members. SMA damper systems were also proposed during the
past few years [58; 59], and the results of the tests made showed that these systems could
reduce the structural damage while showing some limitations in reducing nonstructural
changes. SMA braces are then characterized by their great versatility, good energy
dissipation capability eﬀective functioning mechanism, self-centering capability, and high
stiﬀness for small displacements [60]. Regarding bridges, SMA restrainers were studied in
order to prevent the structure to unseat after an earth quake [61; 62; 63]. Unseating can
happen to multiple frame bridges when these are subjected to strong earthquakes,what
makes them experience large relative hinge displacements, which can lead to unseating of
the structure [17]. Also, energy dissipation systems have been tested. There are also a lot
of studies made regarding beam-column connection elements [64; 65; 66] and SMA-based
isolation devices for seismic protection of buildings [67; 68; 69; 70].
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Figure 3.6: A three-story steel frame model with SMA braces [17].
3.1.4 Work in progress
Due to SMA great properties, a lot of research is being done in all the areas. Although
the present percentages of commercially successful SMA applications are still considered
low [1], new materials and new forms of SMA are being researched, and more promising
attributes and enhancements are being oﬀered.
The future of these materials leads towards, instead of doing the conventional training
method, to 'programming' the SMM in order to set temporary shapes without any
permanent changes in the material properties. In Canada, a new process named Multiple
memory material technology (MMMT) was developed by researchers [71]. It transforms
SMA at various temperatures into multiple shapes. There is already a new alloy that
has overcome the performance of the SMA NiTi. It is made of cooper-aluminium-nickel
(CuAlNi) and is a Single-crystal shape memory alloy (SCSMA). It already has exhibited
a higher operation temperature, one million of cycles operation, greater strain recover
(9%), a wider transformation temperature range, among others [1]. Apart from this,
Shape memory hybrids (SMH) have been researched and developed by integrating SMA
with other materials, that way increasing the performances and functionality of SMA.
Other new potential industries. like gas and oil industry, industrial and manufacturing,
sports and arts are starting to be explored.
3.2 Stent types
As most biomedical devices, stents come in all shapes and sizes in order to provide the
best solution to the patient problem. In the following section, diﬀerent kinds of stents
will be presented and also their advantages and disadvantages.
There are a few characteristics that need to be taken into account when developing a
stent, especially in terms of design and mesh structure conﬁguration. Most of the clinical
outcomes would be better for the patient if it was possible to solve all the issues that have
been researched during the past few years. These solutions look forward to decrease the
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number of thrombotic episodes that might happen in the post procedure and that can
lead to events like sudden death and acute myocardial infarction. This can be covered
by the antiplatelet therapy. Also, plaque prolapse can be avoided by lesion coverage, the
same way as oﬀering more radial support can prevent the elastic recoil of the artery, or
even the possibility to easily access to the side branches through the stent struts (of a
deployed stent in bifurcation lesions). The radiological visibility has also been studied
and improved by the use of markers and it will be explained later. In the ﬁgure 3.7 it
is possible to see the structure of a stent, whose terms will be helpful in the following
topics.
Figure 3.7: Stent design nomenclature: example based on a XIENCE PRIME 3.0 mm
(6 crowns, 3 cells) [18].
In the ﬁgure 3.7 it is possible to see the number of crowns, strut and connector
structure that deﬁne each stent design and its mechanical characteristics. The rings
provide radial support and expansion capacity whereas connectors hold rings together,
contributing to the stent longitudinal structural stability. In an ideal world, a stent would
be ﬂexible, trackable, have low unconstrained proﬁle, radio-opaque, thromboresistant,
biocompatible, reliably expandable, have high radial strength, circumferential coverage,
low surface area and be hydrodynamic compatible [31].
Stents can be characterized according diﬀerent topics/variables, which can inﬂuence
their performance and the outcome results. The referred variables are presented in the
following, according to the division made by Sangiorgi et al. [31]:
 the mechanism of expansion: it can be either self-expanding or balloon-expandable;
 the materials stents are made of: stainless steel, cobalt-based alloys, tantalum,
Nitinol, polymers, biodegradable;
 the form: sheet, wire or tubular;
 the manufacturing methods: stents can be made through laser cut, water-jet cut-
ting, photo-etching, etc;
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 the geometry conﬁguration/design: diﬀerent mesh structures, coil design, slotted
tube, ring, multi-design and custom design are some of the options available;
 what has been added to the stent: grafts, radio-opaque markers, inert and active
coatings, etc.
3.2.1 Mechanism of expansion
According to the mechanism of expansion, stents can be divided in two categories: self-
expanding and balloon-expandable, as referred several times before. The diﬀerences
between these two burden on the way both of them are manufactured. While balloon-
expandable stents are made from materials that can be plastically deformed through
the inﬂation of a small balloon, self-expanding stents are manufactured in an expanded
shape, then constrained into a delivery system to later expand when released from the
delivery system.
3.2.2 Material
In order to make balloon-expandable stents deformable, the construction material should
have a low yield stress, high elastic modulus so it can have a minimal recoil, and work
hardened through expansion so that it can provide high strength. These kind of stents
are manufactured with small diameter, in the delivery conﬁguration and are pre-mounted
over a balloon. On the other hand, self-expanding stents material has to have a low
elastic modulus and high yield stress for large elastic strains, which is the case of Nitinol.
Alternative materials are used to overcome some of the problems that 316L stainless steel
presents, or to improve its characteristics as well. Better radio-opacity, higher strength,
better corrosion resistance and improved Magnetic resonance (MR) compatibility are
just a few examples of what can be modiﬁed in order to project an eﬃcient and safer
device.
Stainless steel
This material corresponds to the ﬁrst generation of carotid stents. One of the most
commonly used material in stents is the 316L Stainless Steel and it can be used both in
balloon expandable stents and self-expanding stents [72]. Because 316L stainless steel is
easily deformed, it is the preferred material to use in balloon expandable stents. Some of
the advantages of this material are its high radio force that prevents the abrupt closure
of a vessel, its good biocompatibility and the fact that it is as safer as Nitinol stents.
However, studies performed by Mukherjee et al. [73] conclude that the 6-month mortality
was higher with this type of material, comparing to Nitinol stents. This material also
has low MR compatibility, low corrosion resistance and it is more likely to induce vessel
wall injury.
Nitinol
Nowadays, the mostly used material in carotid stents is Nitinol [72]. It is usually used
in self-expanding stents. Nitinol stents have high radial-resistive force against outside
compression and they present two unique features:
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 Superelasticity: While 316L stainless steel and cobalt alloys have a deformation
of 1%, Nitinol presents values of elastic strain of almost 10% that can be fully
recovered. This feature provides Nitinol stents a better vessel wall-stent apposition;
 Shape memory eﬀect: When stress is applied to a Nitinol stent, it temporarily
deforms in order to adapt itself to a changing situation. Once the stress is released,
the material totally recovers its original shape.
Comparing Nitinol self-expanding stents with 316L stainless steel balloon-expandable
stents, it is easy to state that the last ones have a much lower elasticity and a remarkably
higher yield stress. In Nitinol ones, the layer formed by the titanium oxide on the
stent surface, makes this device much more resistant to corrosion. It also has a better
biocompatibility than the 316L stainless steel stents and reproduce better in MR. 316L
stainless steel stents have another disadvantage, the releasing of metal ions inducing
inﬂammatory and cell apoptosis (process of programmed cell death). However, Nitinol
stents have some drawbacks too, such as weak radial-resistive force, low radio-opacity
and a liability to fracture. Nitinol stents have already proved that they are successful in
clinical practice [74; 75; 76]. For example, in the study performed by Qureshi et al. [74],
from the 71 patients analyzed, only 4 procedures were unsuccessful.
Cobalt alloys
These alloys are usually used in balloon-expandable stents. They are stronger than 316L
stainless steel and have a higher radio-opacity too [72]. Nowadays, researchers are focused
in solving complications like (sub)acute occlusion and neointimal hyperplasia resulting
in-stent recurrence of stenosis (the so called restenosis).
Biodegradable stents
These devices disappear within a limited time, eliminating the risk of the stent thrombosis
and the need for patients to do prolonged antiplatelet therapy. It also includes a chance
for the natural vessel to heal, with potential vessel remodeling. The ideal biodegradable
stent [72; 77]:
 is biocompatible, as so are the degradation products;
 stays in place for 6-12 months before it is completely biodegraded and still have
enough radial force for scaﬀolding eﬀect during the requested period;
 have ideal degradation rates, is completely degraded after 6-12 months, allowing
positive artery remodeling, and without creating an intense inﬂammatory response;
 is able to carry an antiproliferative drug in order to reduce restenosis.
Polymer stents
These stents are the ﬁrst kind of biodegradable ever used. The ﬁrst one that was proposed
was made of poly-L-lactid acid, usually known as PLLA. Until now a lot of other polymers
have been proposed too, such as polyglycolic acid or polycaprolactone, among others.
Andreia Esteves Santos Master Degree Dissertation
3.Shape memory alloys 27
There have been already clinical tests made regarding these polymers, however they were
only performed in carotid arteries of animals [78]. These tests showed higher values of
restenosis but a lower vascular injury when comparing to 316L stainless steel. Their main
limitations are the lower strength when compared to metallic stents, local inﬂammation
and restenosis rates.
Magnesium alloy stents
As magnesium is largely present in the human body, it has been extensively studied in
biological terms. Therefore, it is expected to satisfy the majority of the requirements of
a biodegradable vascular stent: mechanical properties, biocompatibility and degradation
performance. There are no studies on the application of magnesium alloy stents to
carotid artery [72] so far, and the studies regarding the coronary arteries consist of a
small number.
Iron alloy stents
In a same way as magnesium, iron is another essential substance in the human body,
which means that the release of iron ions does not constitutes a danger to the hostage
body, in terms of toxicity. Studies were made and showed that iron stents have good bio-
compatibility and short-term safety and eﬃcacy, although, they have a low degradation
rate.
3.2.3 Raw material forms
Stents can be made from sheet, wire or tube. The most used forms, either for self-
expanding stents or balloon-expandable stents, are the wire and the tube. A few excep-
tions are made from sheet metal, but this implies that they have to be rolled up in a
tubular form after the pattern creation.
3.2.4 Manufacturing
The production method of stents mainly depends on the raw material form used. Sim-
ple wires can be formed into stents using diﬀerent techniques, especially conventional
ones like coiling, braiding or knitting, being the coil the simplest shape for a wire stent.
Producing closed-cell wire stents requires welding at speciﬁc points, the same way as
increasing longitudinal stability does. The vast majority of peripheral vascular stents
are produced by laser cutting from tubbing. Balloon-expandable stents are cut in the
crimped or near-crimped condition, and only require post-cutting deburring and surface
treatment. On the contrary self-expanding stents can be cut either in the 'small' conﬁg-
uration, that requires post-cutting expansion and shape-setting, or in the expanded one.
Regardless this diﬀerences, they still need to be deburred and polished.
A disadvantage inherent to laser cutting is the production of an heat-aﬀected zone along
the cut edge, that has to be removed afterwards so it does not aﬀect the performance
of the stent. On the other hand, water jet-cutting does not produce this heat-aﬀected
zone when applied [31]. Another method used, mainly to produce stents from tubing, is
photochemical etching. Photochemical etching, also called photochemical milling, pho-
tochemical machining or photoetching, is a process where a photoresist is applied to the
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metal sheet and then the set made of both materials is exposed to a proper wavelength
during a certain amount of time in order to cause the desired cross-linking of the ex-
posed resist. Photoresists can be either liquid or dry, and positive or negative. Liquid
photoresists are cheaper than dry ones, but they require a pre-exposure bake in order to
obtain a ﬁxed dry ﬁlm. The major concerns of this process are the adhesion, rheology,
uniformity of composition and processing, reproducibility of photoresist and exposure
source, etch resistance, and the ability to be cleanly developed [79]. Photochemical ma-
chining (PCM) is a ﬂexible technique that allows microfabrication associated with low
cost, which is diﬃcult to achieve with other techniques. In this process, the material
is removed layer-by-layer due to the chemical reaction of the etchant with the material.
It starts with the material being coated with a photorresist and then covered with a
photo-tool. After this it is exposed to UV light for images developments. This technique
does not show any metallurgical eﬀect oh the workpiece material [80].
3.2.5 Geometry
Originally, the ﬁrst stent created, in the early 80s, had a simple shape. It was the ﬁrst
expandable prosthesis and it had a coiled design. Developed to use in large vessels such
as the aorta and vena cava, the spiral stent was mounted on a special ﬂexible delivery
instrument [54]. Since then, a lot of geometries have been developed and tested in order
to satisfy all the needs and all the clinical cases. Therefore, the geometry can also be
categorized in six-level topics, namely:
 Coil
 Helical Spiral
 Woven
 Sequential rings
 Open-cell
 Closed-cell
as explained next.
Coil
This conﬁguration is the most common between non-vascular applications, being ex-
tremely ﬂexible but having a limited strength and a low expansion ratio, that results in
high proﬁle devices.
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Figure 3.8: A Nitinol coil stent restrained on the delivery catheter [19].
Helical spiral
This design is known by its great ﬂexibility but it also lacks longitudinal support. Us-
ing internal connection points, some ﬂexibility is sacriﬁced in order to obtain a higher
longitudinal ﬂexibility and additional control over cell size.
Woven
In this category are included designs constructed from one or more strands of wire.
Braided designs are usually used for self-expanding structures and they oﬀer excellent
coverage, but they shorten substantially during expansion. The radial strength is highly
dependent on the axial ﬁxation of its ends.
Sequential rings
This conﬁguration consists of expandable z-shaped structural elements, also called "struts",
that are joined by connecting elements, known as "bridges", "hinges" or "nodes" and
it represents the vast majority of commercially available stents. The way the struts are
connected and the nature of the resulting cells, can be divided in three groups [31]:
 regular connection describes bridging elements that include connections to every
inﬂection point around the circumference of a structural member.
 periodic connection describes bridging elements that include connections to a sub-
set of the inﬂection points around the circumference of a structural member. Con-
nected inﬂection points alternate with unconnected inﬂection points in some deﬁned
patterns.
 peak-peak connection or peak-valley connection are terms used to describe the
locations where the bridging elements join adjacent members. Peak-peak bridging
elements join the outer radius and peak-valley bridging elements join outer radius
to inner radius of the inﬂection points of the adjacent structural members.
Open-cell
Open-cell stents consist in a structure where all the internal inﬂection points are not
connected by bridging elements. A lot of hybrid combinations are allowed, as well as peak-
to-peak connections, peak-to-valley connections and mid-strut to mid-strut connections.
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These unconnected elements help to have a more ﬂexible structure. In general, structures
with peak-to-peak are stronger than the peak-to-valley ones, being these two types of
connections the most commonly used [20; 31] .
Closed-cell
This type of design is characterized by a sequential ring structure, where all the internal
inﬂection points of the structural members are connected by bridging elements. Recent
stent designs have U-,V-,S- or N-shaped elements that can plastically deform during
bending conditions, which allows the structure to better accommodate in order to obtain
a better ﬁnal shape. However, this usually results in a structure that is less ﬂexible.
This conﬁguration has as advantages the optimal scaﬀolding for lesion coverage while
also providing a smooth inner lumen, and the uniform surface whatever the degree of
bending is applied [20; 31]. The main diﬀerences between both of the designs presented
above, closed-cell and open-cell, can be seen in the ﬁgure 3.9.
Figure 3.9: Scheme comparing a closed-cell and open-cell stent structure [20].
3.2.6 Additions
Coatings
Coated stents are usually made of a bare metal coated with another material on the
surface. One of the ﬁrst compounds tested to coat stents was heparin. Its main goal
was to reduce the coagulation cascade after the deployment of the stent, decreasing the
thrombogenic risk. In general, the main goal of coatings is to increase the biocompat-
ibility in order to achieve a ﬁnal device that is eﬃcient and safer. A division into two
categories of coating material can be done: active and passive [72], as follows:
 passive coating: based in gold, carbon, a polymer or a ceramic coating.
 active coating: usually includes drugs (that can interfere with the process of throm-
bosis and neointimal hyperplasia).
Unfortunately, the clinical results of coronary artery stenting could not always conﬁrm
its theoretical advantages and there are only animal data about carotid artery stenting
using coated stents.
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Radio-opacity enhancements
This addition is used in typical stents (made of stainless steel and Nitinol) that are usually
hard to see in X-rays due to its small structures and thin struts. In order to improve
this, additions made of gold, platinum or tantalum were developed. These markers can
either be sleeves crimped around a strut, rivets coined into tabs or weld-on tabs. Another
technique used is the electroplating, with gold.
Drugs
The way drugs are used in stents and delivered into the human body can be divided in
three diﬀerent mechanisms:
 bio-absorbable stents made from polymer can be loaded with a drug that is slowly
released.
 stents made of metal can have a drug bound to their surface or embedded within a
macroscopic fenestrations or microscopic nano-pores which provides a faster drug
delivery.
 stents made from metal coated with an outer layer of polymer that can be loaded
with drugs, in order to allow and eﬀective releasing.
Drug-eluting stents (DES) are stents bonding with drugs that are constantly re-
leased to the surrounding tissue and they somehow represent a hope to eliminate in-stent
restenosis. The only diﬀerence between DES and coated stents is that the ﬁrst ones al-
low drugs to be constantly released in the surrounding tissue. Due to its characteristics,
DES are composed of three parts, the bare metal, the drug delivery system and the drugs
themselves. However, there are only a few clinical studies regarding DES to the carotid
arteries, which makes it harder to evaluate the disadvantages and advantages of these
devices. In the following chapter, physical behavior of SMA will be explained along with
constitutive modeling aspects, and the models of Souza et al. [26], Auricchio-Petrini [4]
and Auricchio-Taylor [27] will be explored.
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Chapter 4
SMAs constitutive modeling
As seen before, shape memory alloys have been in the forefront of research for the past
several decades due to their unique behavior and excellent properties. They have also
been used for a wide variety of applications and ﬁelds as it was reviewed in detail in
the previous chapter. During the following chapter, SMA mechanical behavior including
shape memory eﬀect and pseudoelasticity will be explained in detail, and also SMA
constitutive modeling will be reviewed. The main focus of this constitutive modeling will
be on three diﬀerent models, from Souza et al. [26], Auricchio-Taylor [27] and Auricchio-
Petrini [4].
4.1 Phenomenology of phase transformation in SMA
Phase diagrams are an useful tool to engineers, metallurgists, and material scientists.
By using these diagrams, diﬀerent kinds of problems can be solved in many diﬀerent
areas like alloy development or performance prediction. In terms of performance, these
diagrams can help recognizing which phases of the material are thermodynamically stable
and what can be expected to be present, over a long period, when the part is subjected to
a particular temperature. In the ﬁgure 4.1 [21], the binary phase diagram of the Nitinol
system is presented.
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Figure 4.1: Phase diagram of a NiTi alloy [21].
For those alloys that have at least two elements, the concentration becomes an im-
portant variable. Therefore it is the most commonly used variable in the abscissa axis.
Regarding the ordinate axis, the generally used variable is the temperature, although it
can have diﬀerent control variables. For the case of an alloy with a ﬁxed composition,
a vertical line that is parallel to the ordinate axis, is established. In the case of shape
memory alloys, they show two diﬀerent solid phases, having each one of them diﬀerent
crystallographic structures which implies that these phases also have diﬀerent properties.
The high temperature phase is called Austenite and it can also be represented by the
letter A in the following equations and schemes as an index. On the other hand, the low
temperature phase is called Martensite, designated by M [23].
Austenite has a cubic crystal structure, while martensite has a monoclinic crystal
structure that sometimes can also be tetragonal or orthorhombic. The martensitic trans-
formation (from one conﬁguration to another) does not occur by diﬀusion of atoms but
by shear lattice distortion. A variant is the orientation direction that each martensitic
crystal formed during the transformation can have. The assembly of the martensitic
variants can exist in two forms: twinned (M t) and detwinned martensite (Md). The ﬁrst
one, M t, is formed by a combination of self accommodated martensitic variants, while
the second one, Md , that is also called reorientated martensite, has a dominant variant.
As a result of the shape change among the variants, it causes them to eliminate each
other, generating a small macroscopic strain.
Brieﬂy concluding, martensite can then exist in two diﬀerent conﬁgurations: twinned
martensite that has a multi-variant crystallographic structure and detwinned martensite
that is also a stress-induced martensite, with a single variant crystallographic structure.
A schematic illustration of the SMA phases is presented in the ﬁgure 4.2.
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Figure 4.2: Schematic picture of SMA phases.
The unique behavior of SMA, that has already been succinctly described through this
document, is then characterized by the reversible phase transformation from austenite
(also called parent phase), to martensite (also known as product phase) and vice versa.
Figure 4.3 illustrates perfectly what happens to the crystallographic structure when a
load is applied and how do the grains rearrange themselves in order to form the referred
structure.
Figure 4.3: Phenomenology associated with shape memory alloy [22].
When the alloy is below a given temperature, in the martensite phase and below
the transformation temperature, it can easily be deformed into the wanted shape. As
soon as it is heated above its transformation temperature, it suﬀers a change in the
crystallographic structure returning to the austenite phase and so recovering its initial
shape. In the same line of thought, in the absence of an applied load and, upon cooling,
these alloys will change their crystal structure from austenite to martensite, which can be
called forward transformation. In nitinol case, up to 24 variants are formed as a result of
the transformation described before. The arrangement of these variants implies that the
average macroscopic shape change is negligible and that the alloy is now in the twinned
martensite phase. As for the so called reverse transformation, it means that there is a
change in the crystal structure from martensite to austenite, which has no shape change
associated [23].
Transformation temperatures
Regarding these phase transformations, there are four temperatures associated, therefore
these are thermally-induced phase transformations. Martensitic start temperature (Ms)
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is the temperature at which, under zero load, austenite begins to transform into twinned
martensite. When this transformation is complete it reaches Martensitic ﬁnish tempera-
ture (Mf ). Regarding the reverse transformation, the temperature at which it starts to
occur is called Austenitic start temperature (As). Therefore, when this transformation
is complete it reaches the Austenitic ﬁnish temperature (Af ). Note that the transforma-
tions occur over a range of the four temperatures for a given SMA composition. The
referred transformations, along with the four temperatures described, are represented in
ﬁgure 4.4. This is only valid when there are no loads applied to the specimen.
Figure 4.4: Thermally-induced phase tranformations without application of a mechanical
load [23].
4.2 Shape memory alloys properties
There are two main features of shape memory alloys: shape memory eﬀect and pseudoe-
lasticity both being described in the following topics. However, most of the time these
peculiar properties are combined with features like: kink resistance, biocompatibilty,
hysteresis and fatigue resistance.
4.2.1 Shape memory eﬀect
In the case where a mechanical load is applied in the twinned martensitic phase, at a low
temperature, it is possible to detwin it by reorienting some of the variants. This process is
called detwinning and it results in a macroscopic shape change, where the conﬁguration
is retained, even when the load is released. If the SMA is then heated above Af , it
will result in a reverse transformation (detwinned martensite to austenite) that will lead
to the initial shape recovery that they are known by. Cooling it again will result in a
forward transformation that was previously described, with no associated shape change
observed. This whole process is the so called shape memory eﬀect and a representative
scheme of it can be seen in ﬁgure 4.5.
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Figure 4.5: Shape memory eﬀect scheme on a SMA, with unloading followed by heating
with no loading conditions [23].
The load described previously needs to be suﬃciently large in order to start the de-
twinning process. The minimum stress needed to initiate the detwinning process is called
Detwinning start stress (σs). When the load applied is suﬃciently high so that the de-
twinning of the martensite is complete, the corresponding stress level is called detwinning
ﬁnish stress Detwinning ﬁnish stress (σf ). If the material is cooled while applying a load
that is greater than σs, in the austenitic phase, then the phase transformation will result
in the direct formation of detwinned martensite, and it will produce a shape change.
Reheating the material will result in shape recovery while the load is still applied.
As it was stated before, shape memory eﬀect occurs when the SMA is heated above
Af and it regains it original shape after being previously deformed, while in the twinned
martensitic phase and unloaded at a temperature below As. In ﬁgure 4.6, the loading
path of a typical NiTi alloy is shown in a combined stress-strain-temperature space.
Figure 4.6: Loading path of a typical NiTi alloy [23].
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From the diagram it is possible to notice that when twinned martensite is subjected
to an applied load greater than σs, the reorientation process begins. At the σf the
detwinning process is then completed and this is characterized by the end of the plateau
in the σ − ε diagram. Therefore, this whole process corresponds to the path between
the letters B and C in the ﬁgure 4.6. As for the path from C to D, it corresponds to
an elastic unloading while the detwinned martensitic state is retained. From D to E
the material is heated in the absence of loading. As it reaches the temperature As at
E, the reverse transformation begins and is then completed at Af that corresponds to
F, and above this, only the parent phase exists (austenitic). In the absence of plastic
strain generated during detwinning, the original shape of the material is obtained and
it is indicated by the letter A. The eﬀect described in the previous paragraph is called
one-way shape memory eﬀect or simply SME, because shape recovery is achieved only
during the heating process.
4.2.2 Pseudoelasticity
Another behavior that is characteristic of SMA is the pseudoelasticity. Phase trans-
formation can be thermally induced, as reviewed before, but it can also be done by
the application of a suﬃciently high mechanical load to the material, while it is in the
austenitic phase. As a consequence this load will fully detwin martensitic that was cre-
ated by austenite. If the temperature of the material is higher than Af , a complete
shape recovery can be observed upon unloading to austenite. The resulting stress-strain
diagram of the referred eﬀect is presented in ﬁgure 4.7.
Figure 4.7: Pseudoelastic eﬀect through a stress-strain diagram [23].
This typical behavior of SMA, that is not encountered in "conventional" metallic
materials, is associated with stress-induced transformation. It leads to strain generation
during loading and subsequent strain recovery upon loading, while at temperatures above
Af . In ﬁgure 4.8 it is possible to observe the loading cycle in a σ − ε space.
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Figure 4.8: Typical pseudoelastic loading cycle for an SMA [23].
The elastic loading of the martensitic phase induces a distinct change in the σ − ε
curve, and it indicates the martensitic transformation is complete. From C to D, there
is an increase in the stress that leads to no further transformation and only the elastic
deformation of detwinned martensite occurs. As the unloading takes place and causes
the stress to be gradually released, the martensite elastically unloads along the path D
to E. When this unloading path intersects the austenitic start surface, σAs, point E is
marked. This causes the martensite to transform into austenite. The referred process is
accompanied by the strain recovery and when it is completed, F is obtained, and also
the corresponding strain, σAf . The material then elastically unloads until point A.
4.2.3 Cyclic behavior of SMA
Until now, only one-way shape memory eﬀect behavior in SMA was explained, but
sometimes these alloys can exhibit repeatable shape changes when subjected to a cyclic
thermal load, with no mechanical loads applied. Like the one-way shape memory eﬀect,
also this behavior can be tagged but as a Two-way shape memory eﬀect (TWSME). This
can be observed in a SMA material when it is subjected to repeated thermomechanical
cycling along a speciﬁc path, usually called training.
SMA training consists on, repeatedly, loading the material while following a cyclic
thermodynamical loading path until the hysteretic response of the material stabilizes and
the inelastic strain saturates [23]. Every training cycle, the initial strain response evolves
until it eventually stabilizes. During the ﬁrst thermal cycle, only a partial recovery of the
strain that was generated during the process of cooling is observed upon heating, with
some permanent (irrecoverable or plastic) strain generating during the cycle. A small
amount of this strain remains after each thermal cycle is completed. With the repeated
cycles, this additional plastic strain begins to decrease until it practically ceases to further
accumulate. This behavior can be illustrated by the diagram ε−T of ﬁgure 4.9, where a
thermal cyclic loading of a NiTi SMA wire under a constant load of 150 MPa is presented.
The same way as the thermal cycle, also a similar behavior can be noticed in the case
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of mechanically cycling an SMA repeatedly in its pseudoelastic regime, until saturation
takes place, as it can be seen in ﬁgure 4.10.
Figure 4.9: Thermal cyclic loading of a NiTi wire under 150 MPa [23].
Figure 4.10: Pseudoelastic response of a SMA where its possible to see the stabilization
referred [23].
The majority of the material experimental tests need to be repeated after the training
process in order to obtain the new trained material properties.
Summarizing all the eﬀects approached, it is possible to say that SME implies that
the specimen was deformed in a cold temperature through some loading-unloading cycle,
and as soon as it is heated above Af , it will regain its original shape. On the other side,
the preﬁx pseudo refers to the fact that the loading-unloading cycle exhibits hysteresis
loop in the σ − ε space. The size of this hysteresis depends of many factors such as
the chemical composition of the alloy or the heating treatment. In terms of the speciﬁc
TWSME, it happens when, with no application of a load, the material changes its shape
by a variation on the temperature, from a high-temperature shape to a low-temperature
shape. It can only be obtained after subject the material to a special thermomechanical
treatment, called training. A good example of all these eﬀects on a SMA is shown in
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ﬁgure 4.11.
Figure 4.11: Schematic illustration of the three eﬀects on a shape memory alloy: (a)
Pseudoelasticity; (b) One-way shape memory eﬀect; (c) two-way shape memory eﬀect.
[24].
4.2.4 Fatigue behavior in SMA
After exploring all the applications of SMA, it is possible to quickly conclude that they
are preferred for most of the applications that require multiple cycles. The fatigue be-
havior of SMA depends on diﬀerent factors like the material processing (fabrication
process, heat treatments, etc.), the applied load conditions (applied stress, strain, tem-
perature variations, environment, etc.) and the transformation induced microstructural
modiﬁcations (e.g. defects on grain boundaries due to strain incompatibilities). Earlier
studies on mechanically induced fatigue behavior of SMA, were focused on bending and
rotating-bending tests or even, by using two stress or strain levels with the load frame
between them, in order to perform mechanically cycling. This type of mechanical cycling
can be used to induce both full and partial transformations, and was mainly used due
to the shape of the specimen, wires [81; 82]. Currently, the fatigue tests performed on
NiTi SMA have been extended into uniaxial and pure shear strain- (stress-) controlled
cyclic loading conditions [83; 84]. There are also other tests being studied and the elec-
trochemical tsting during cycling tests of NiTi wires are a good example [85]. If the
deformation and stress applied to the material remain elastic, this can lead to fatigue life
as high as 107 cycles [23]. However, sometimes, the material fails considerably earlier,
showing a fatigue life of approximately thousands of cycles. A signiﬁcant improvement
of the fatigue life of an SMA can be caused by a partial transformation that limits the
generation of martensite and the associated transformation strain.
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4.3 The eﬀect of alloying
Since the discovery of nitinol in 1963, a large variety of shape memory alloys have been
investigated in order to satisfy society needs. Diﬀerent compositions have been studied,
tested and fabricated by adding new components to the alloys that already existed.
Therefore, SMA can be classiﬁed due to its primary alloying elements, mode of actuation
(if its thermal or magnetic), operating temperature or desired behavior [23]. In the
following topics, diﬀerent alloys will be reviewed in terms of their properties and what
eﬀect does the alloying has in them.
4.3.1 NiTi-based alloys
This is one of the most researched alloys and it has been studied and used in the most of
the SMA applications. The fact that this type of alloy exhibits strong SME, TWSME
and pseudoelasticity, under the right conditions, makes it ideal to use in many appli-
cations. That is why this is the material that was chosen to be the focus of this dis-
sertation, due to its great properties and excellent behavior in the studied devices (i.e.
self-expanding stents). In terms of biomedical use, this material exhibits good resistance
to corrosion and is biocompatible. As this is one of the alloys that has been most studied,
its behavior is well understood as so it is its crystallographic structure. The eﬀects of
heat treatment and the variation of the transformation temperatures, due to the changes
in the alloy composition, are also very well known by researchers.
The ﬁrst NiTi alloy studied was the equiatomic, which means that it had 50% of Nickel
plus 50% of Titanium in its composition. The shape memory eﬀect on this alloy was
discovered by Buehler in the early 60s. This type of composition exhibits the maximum
value for Af temperature, 120 °C, of all the NiTi compositions studied. Regarding the
Ni percentage, when it is increased above 50%, the transformation temperature begins
to decrease. On the other side, if this percentage is decreased below 50%, there are no
changes in the transformation temperature.
An intermeditate R-phase, placed between martensite and austenite, can occur if
lenticular Ti3Ni4 precipitates are formed, resulting in stress ﬁelds. This happens when
the alloy is Ni-rich and its subjected to an aging treatment at the temperature of 400 °C
[23]. The name "R-phase" is related to the rhombohedral structure of the crystal that is
formed. This phase usually disappears when the alloy is subjected to heat treatments at
high temperatures.
Kink resistance
Kink resistance, also called crush recoverability, is one of the features of nitinol. When
the strain increases locally, beyond the plateau strain, stresses also increase markedly.
This causes strain to partition to the areas where it has lower values, instead of just
increase the peak of strain as it would be logical [2]. This can be a really dangerous
phenomenon for most of the devices performance and is really common in steel ones. In
nitinol devices, this strain localization is prevented by the creation of a more uniform
strain than could be realized with a conventional material.
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Biocompatibility
Biocompatibility is directly related to the corrosion behavior of the material as well
as the tendency for this material to release toxic ions. It can also be deﬁned as the
ability a material has in order not to be rejected by the human body. As nickel is a
toxic element and causes contact allergy, nitinol should have good corrosion resistance so
that the release of nickel to the body is minimal. There is a lot of research that proves
that nitinol has an excellent biocompatibility due to the layer of titanium oxide that is
formed, although, researchers are working to decrease the corrosion in order to improve
the biocompatibility of this material [86].
Hysteresis dissipation
Initially considered a drawback because it reduced the energy storage eﬃciency, superelas-
tic hysteresis is nowadays very useful in devices like the stents or in seismic applications.
Regarding the stent example, it should provide only a very light chronic outward force
against a vessel wall, but at the same time, should be resistant to crushing, compliant in
one direction and stiﬀ in the other.
4.4 Nitinol properties
Regarding the pseudoelasticity diagram, ﬁgure 4.8 explained in the section 4.2, it is
possible to note that the initial response, during both loading and unloading, is nearly
linear. The stiﬀ response at low stress, below the loading plateau, corresponds to purely
austenitic behavior. On the other hand, at higher stresses, above the unloading plateau,
this stiﬀ response is completely martensitic. This means that it is needed to consider
the independent elastic responses of each phase and, these responses do not need to be
similar.
It is easy to comprehend that SMA require diﬀerent types of properties in order to
be correctly described. Therefore, as SMA have three typical behaviors, it will also be
needed three types of material properties, at least, accordingly to Lagoudas [23]:
 thermoelastic properties of austenite and martensite, which are necessary to de-
scribe the material response when a transformation or reorientation is not occuring;
 critical stress and temperature states associated with the phase diagram, that help
to determine when phase transformations will begin or end, accordingly to the
current thermomechanical state (temperature and stress) and the loading history
of the material;
 transformation strain evolution properties, to provide information about the rela-
tion between the current state of material transformation (e.g. volume fraction of
various martensitic variants) and the exhibited generation of transformation strain.
Thermoelastic properties
Assuming material isotropy, the elastic stiﬀness can be represented by the Young's mod-
ulus of austenite (EA). In the same way, after the transformation is complete, the fully
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martensitic material shows once more elastic behavior. Assuming isotropy of the material
again, it is possible to assume also that this can be represented by an elastic modulus of
martensite, Young's modulus of martensite (EM ).
Other elastic properties can also be measured with the stiﬀness like the Poisson's ratio for
each phase, Poisson's ratio for austenite (υA) and Poisson's ratio for martensite (υM ).
The coeﬃcient of thermal expansion is used to predict the thermally induced deforma-
tion response of pure austenite and martensite, noted by αA and αM and, in case of
isotropy, these coeﬃcients correspond to two scalar constants. Also, information on the
elastic limit of the material is needed for design purposes. Assuming once more that the
material is isotropic, the yield of stress of the material in austenite and martensite, σAy
and σMy are suﬃcient.
In ﬁgure 4.12 it is possible to see experimental examples of both studied eﬀects of
SMA and the elastic plus the thermal properties referred above.
(a) pseudoelasticity (b) shape memory eﬀect
Figure 4.12: Experimental tests [23].
Taking a look back at the phase diagram (ﬁgure 4.1) in the beginning of section 4.1, it
was only referred that through a phase diagram it was possible to distinguish the material
phase transformation regions, and the temperatures at which those phenomena occur. In
this section, the main objective is to explain what properties are used in the character-
ization of SMA. Therefore, and despite the initiation and completion temperatures for
both transformations (forward and reverse transformation), at zero stress, Mf , Ms, As,
Af were referred before, as well as the start and ﬁnish stresses for detwinned martensite,
σs and σf , both dependent on the temperature, the stress inﬂuence coeﬃcients (or gen-
eral slopes) of the transformation surfaces are also useful information. There could be
up to four total slopes, though usually it is assumed that each pair of surfaces for the
two distinct transformations shares a characteristic slope. Thus, the referred slopes are
termed CA for austenite and CM for martensite.
Another material parameter to be characterized is the maximum strain, that was
formed due to a transformation at a given stress level and in addition to thermoelastic
strains. This refers to Hcur(σ) that was present in the ﬁgure 4.12b above, and it is
usually called current maximum transformation strain. In the speciﬁc case, it is used in
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an 1-D experimentation, and therefore, it is considered to be a scalar quantity.
The fact that the exact thermomechanical response of an SMA is highly sensitive to
the heat treatments that were previously applied to that specimen, it is extremely impor-
tant to be aware about the history of the SMA specimen and to know if it matches the
intended SMA component application it is meant to be. To characterize these materials
devices like the extensometers have been used due to their large gauge lengths that have
proved to be more accurate measuring the phenomenological response.
After all the information that was obtained about shape memory alloys on how they
behave and what features do they have, it is time to gather all the properties that will
be need for further numerical simulation. Using as a material base the one chosen by
Ferraro [2], the material properties used are expressed in table 4.1.
Table 4.1: Nitinol properties (adapted from [2]).
Property Value Units Designation
EA 53000 [MPa] Austenite Elastic modulus
EM 53000 [MPa] Martensite Elastic modulus
υA 0.33 - Poisson's ratio
υM 0.33 - Poisson's ratio
εtmax 5.6% - Maximum transformation strain norm
ξs 0 - Martensite volume fraction
αA 10−6 [K−1] Thermal expansion coeﬃcient
αM 10−6 [K−1] Thermal expansion coeﬃcient
T0 243 [K] Reference temperature
Ms 239 [K] Martensite starting temperature
Mf 223 [K] Martensite ﬁnishing temperature
As 248 [K] Austenite starting temperature
Af 260 [K] Austenite ﬁnishing temperature
CA 6.1 [MPa K−1] Martensite transform slope
CM 6.1 [MPa K−1] Austenite transform slope
4.5 Review of shape memory alloys' constitutive models
Although SMA have been experiencing an amazing evolution since they were found, the
developing of tools to predict and simulate their behavior, is still being studied but it
is not an easy task to do. Arghavani [3] decided to divide the SMA behaviors into two
categories:
 primary eﬀects, that include pseudoelasticity, shape memory eﬀect and variant
reorientation;
 secondary eﬀects, that cover other eﬀects that may be necessary in other practical
cases.
The secondary eﬀects include tension-compression asymmetry, diﬀerent elastic moduli
for austenite and martensite phases, progressive strain under cyclic loadings and thermal-
mechanical coupling.
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In the last four decades a big eﬀort has been made in order to develop constitutive
models that are able to describe SMA behavior, being the main challenge for this model
of theoretical conception, to predict the primary eﬀects without forgetting the secondary
eﬀects, and in relation with the practical implementation. Starting from the basics
of Continuum Mechanics, the three basic components are kinematics, equilibrium and
constitutive equations.
Kinematics
The kinematics describes the changes that occur in a body, in terms of geometry. Specif-
ically, it describes the movement and the deformation of a body, having no consideration
about what may have caused that disturbance.
Equilibrium
Equilibrium studies the body equilibrium conditions, which also includes the relations
for the measurements of the internal forces. It can be described through the equilibrium
equations: mass, linear momentum, angular momentum and energy.
Constitutive equations
Constitutive equations are mathematical models whose main goal is to describe the prin-
cipal features of a material behavior in an idealized form. Many constitutive modeling
are available in the literature, each one having diﬀerent features and applications. Once
a model is proposed, numerical implementation has to be done in order to convert a
theory into a useful tool for design and analysis of engineering applications.
4.6 Phenomenological SMA models
From 1980 until now, constitutive modeling of SMA has been an active research subject.
Initially researchers were focused only on understanding the microstructural aspects of
shape memory and pseudoelastic behavior. But later, they started to focus their ex-
perimental research on the phenomenological aspects, which increased the investigations
of the exhibited thermomechanical coupling and the engineering applications of SMA.
Soon, it became clear that some testing methods should became standard. In order
to better understand any material it is necessary to carefully decide what properties
should be used and then it should be determined under what loading paths they are best
elucidated.
Macroscopic phenomenological models (macro models)
Macroscopic phenomenological models are built on phenomenological thermodynamics
and/or directly curve ﬁtting experimental data. Researchers typically useMartensite vol-
ume fraction (ξ) as an internal variable due to the fact that transition regions of marten-
site to austenite or austenite to martensite are experimentally determined, mainly based
on SMA transformation phase diagram which means that the model is quite accurate.
For this reason, functions that describe a smooth transition are used what allows the
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model to be more suitable for engineering applications, meaning simplicity and less time
for computation. However, they are less predictive than the other models referred next
and they also can only describe a global mechanical response. Several three-dimensional
macroscopic phenomenological models were proposed and most of them were successful.
Microscopic thermodynamics models (micro models)
Contrarily to the model described before, microscopic phenomenological model focus
on the description of micro-scale features such as nucleation, interface motion and twin
growth. This models allow to develop fundamental studies and to understand the fun-
damental phenomena, but they are diﬃcult to apply in engineering applications.
Micro-mechanics based macroscopic models (micro-macro models)
As the name suggests, this model is somehow a mixture between the macro model and
the micro model. It uses thermodynamics laws in order to describe the transformation
and utilizes micro-mechanics to estimate the interaction energy due to the transformation
in the material. It consists in modeling a single grain and then averaging the result over
a Representative Volume Element (RVE) in order to obtain a polycristalline response of
the SMA. Its main disadvantage is the need for a large number of internal variables that
cannot be obtained experimentally, although, it is much more predictive.
The models used on the present document are macro models. The phenomenological
approach can be divided in two groups, as stated by Arghavani [3]:
 models without internal variables;
 models with internal variables.
4.6.1 Models without internal variables
In these models, the material behavior is described by stress, strain, temperature and
entropy, without introducing the quantities of representing phase mixture.
Polynomial potential models
In these models, constitutive information is provided by a polynomial free energy function
where constitutive equations for strain (or stress) and entropy are provided by the partial
derivatives (of the free energy function). Its main advantage is its simple form although
it is not able to model complex behavior of the material. Also they do not describe
accurately the evolutive nature of the process.
Hysteresis models
Hysteresis stands for the capacity that a system has to preserve a deformation that was
a consequence of a stimulus previously applied. These kinds of models seek to reproduce
experimentally observed curves that involve high nonlinearities and complex looping. It
is mostly used in magnetic materials an its constitutive equations are based on their
mathematical properties, often without making a connection to the physical phenomena
associated.
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4.6.2 Models with internal variables
The main goal of these models is to introduce the appropriate internal variables in order
to describe the material internal structure. It uses the internal variables plus a set of
mechanical (stress or strain) and thermal control variables (temperature or entropy)
in order to get a collection of state variables. The use of a general thermodynamical
approach allows to derive evolution equations for the internal variables that usually
include one or more phase fractions and/or macroscopic transformation strain.
These models can be subdivided in two categories:
 models with assumed phase transformation kinetics;
These models consider that involved martensitic volume fraction is an internal vari-
able and that is expressed as function of current values of stress and temperature. In
order to describe phase transformations, authors used exponential functions. Their ﬁrst
implementation is restricted to only one dimensional context.
 models with internal variable(s) evolution equation(s).
In this approach, a rigid thermodynamic continuum theory is used and is composed
with physical laws. These are constitutive equations that characterize the features typ-
ical of each material the material behavior requirements that ensure thermodynamical
process restrictions. They can be speciﬁed by two kinds of variables: 1. state equations:
formulated directly or obtained as partial derivatives of a suitable free energy function; 2.
kinetic equations for the internal variables generally depend on the material past history.
Micro-plane method
This constitutive modeling approach based on micro-plane theory is impressive due to its
capacity to extend a one dimensional constitutive model to a three dimensional one. In
order to generate a macroscopic three dimensional model a one dimensional constitutive
law for one stress component and the associated strain component of each micro-plane is
suﬃcient. Two main formulations must be considered: static constraint and kinematic
constraint.
Fremond's model
This is a three dimensional model that intends to be able to reproduce both of the SMM
features, pseudo-plasticity and shape memory eﬀect, using three internal variables that
should obey internal constraints related to the coexistence of diﬀerent phases. By do-
ing this, it allows to describe new phenomena such as linear hardening plasticity, plastic
phase transformation coupling, phase transformation due to temperature variation, inter-
nal sub-loops due to incomplete phase transformation, tension-compression asymmetry
and Transformation induced plasticity (TRIP).
Due to its great characteristics, SMA have been researched since the ﬁrst nitinol
discovery, in the 60s and its ﬁrst commercial application, in the 70s. Therefore, the
following table (table 4.2) presents some of the research that has been done since 1980,
regarding the phenomenological models (the ones studied in the present document).
Andreia Esteves Santos Master Degree Dissertation
4.SMAs constitutive modeling 51
However, most of the work done in the beginning of 1980 is devoted to micro-modeling
or simple phenomenological models [3].
Müller and his colleagues started the research by studying the phenomenon of pseu-
doelasticity observed in SMA [87; 88]. However in 1982, Tanaka and Nagaki [89] were
the ﬁrst researchers who discussed the martensitic transformations by presenting a con-
tinuum mechanical description for thermoplastic materials with internal variables. A few
years later, in 1988, Bondaryev and Wayman [90] proposed a phenomenological model
to describe the thermomechanical eﬀects found in SMA based on a modiﬁed plasticity
theory. In 1989, Müller presented a method to determine the width of the pseudoelastic
hysteresis loop [91].
In order to provide a better understanding of SMA Duerig et al. [92] published a
book entitled Engineering Aspects of Shape Memory Alloys that deﬁnes properties and
applications of SMA. It even includes tutorials, overviews and speciﬁc design examples.
In the very same year, Liang and Rogers [93] proposed an one-dimensional thermome-
chanical model regarding important material characteristics involved with the internal
phase transformation of SMA and Tanaka [94] proposed a constitutive theory to describe
the thermomechanical behavior of SMA, performing a simulation in a NiTi alloy to vali-
date this theory. One year later, Müller and Xu [95] studied the pseudoelastic hysteresis
that occurs in the austenitic-martensitic phase transformation.
In 1993, both Huo and Müller [96] and Brinson [97] presented new research in the area.
The ﬁrst one [96] described a thermodynamic model of an ideal pseudoelasticity while the
second [97], based on the work of Liang and Tanaka, proposed an one-dimensional model
for the thermomechanical behavior of SMA. Lin et al. [98] performed, in 1994, an exper-
imental investigation on the pseudoelastic behavior associated with martensitic transfor-
mation, subjecting NiTi specimens to strain variations. In the same year, Graesser and
Cozzarelli [99], Ivshin and Pence [100] proposed a three-dimensional constitutive models
while Boyd and Lagoudas [101] used a micromechanics method to predict the eﬀective
thermomechanical properties of composite materials reinforced with SMA ﬁbers. In the
following year, Shaw and Kyriakides [102] experimentally studied the uniaxial behav-
ior of a nearly equiatomic NiTi alloy while Tanaka et al. [103] presented a theoretical
framework from the phenomenological point of view for cyclic uniaxial deformation in
SMA.
After 1995, the motivation to study three-dimensional models increased due to: gen-
eral acceptance of the continuum thermodynamics with internal variable as a proper tool
for eﬀective SMA 3-D macro-modeling, existence of extensive multidimensional experi-
mental data under proportional and non-proportional loadings and the increasing interest
in medical and industrial applications [3]. However, due to its simplicity, one-dimensional
modeling remain active.
Leclercq and Lexcellent [104], in 1996, presented a general macroscopic description
of the thermomechanical behavior of SMA that allowed the simulation of this behavior.
Also in 1996, Lubliner and Auricchio [105] reviewed the theory of the generalized plas-
ticity. In the following year, Auricchio et al. [27] based on an internal variable formalism
also known as generalized plasticity, presented a constitutive model that reproduce same
of the basic features of SMA. Auricchio and Taylor [106] developed a constitutive model
which reproduced the superelastic behavior of SMA. Also, Trochu and Qian [107] pre-
sented a methodology to simulate the nonlinear behavior of these materials using FEM.
In the same year, Sittner et al. [108] performed experimental tests to study the shape
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memory eﬀect, providing experimental data, with combined axial and torsional loads
applied on thin wall tubes.
Souza et al. [26], in 1998, presented a new three-dimensional model that described
the pseudoelastic behavior and SME of polycrystalline solids undergoing stress-induced
phase transformations. In the same year, Raniecki and Lexcellent [109] used the spe-
ciﬁc form of Gibbs potential to generalize a thermodynamic theory of the pseudoelastic
behavior of SMA, to include observed eﬀects in isotropic solids. A book entitled Shape
memory materials describing SMA and its behavior, focusing in NiTi alloys, was pub-
lished by Otsuka and Wayman in 1998 [110]. In 1999, Tokuda et al. [111] presented
a model to describe the behavior of SMA undergoing complex loading conditions. The
following year, Qidwai and Lagoudas [112] provided a thermomechanical description of
martensitic phase transformation and the associated SME in polycrystalline SMA.
In 2001, Auricchio [113] proposed an eﬃcient and robust solution algorithm to be
used in the design of SMA-based devices through the use of computational tools. Liew
et al. [114], in 2002, followed the same line of thought of Auricchio while working on
helping the design of SMA-based devices. Therefore, they presented a methodology for
the simulation of multi-dimensional nonlinear thermomechanical behavior of SMA by
using the FEM. In the same year, Thamburaja and Anand [115] tested the predictive
capability of the model they proposed in the year before [116], by experimenting diﬀerent
types of loadings while Lexcellent et al. [117] performed experimental and numerical
biaxial proportional loading tests in polycrystalline SMA. Auricchio and Petrini [118]
discussed a few improvements of the original Souza et. al model [26] and developed a
robust integration algorithm to be adopted in a numerical scheme.
In 2003, Helm and Haupt [119] proposed a phenomenological model to represent the
multiaxial behavior. In the following year, Auricchio and Petrini [4] focused again in the
model proposed by Souza et al. [26], and presented a simple modiﬁcation of it. It allowed
them to develop a time-discrete solution algorithm that was more eﬀective an robust
than the one presented before. In the same year, Auricchio and Petrini [120] presented
another 3-D phenomenological model as well as Bouvet et al. [121]. Terriault et al. [122]
presented an homemade phenomenological 1-D bilinear model in 2006. In the same year,
Müller and Bruhns [123] proposed a thermodynamic ﬁnite-strain model introducing the
mass fraction of martensite as internal variable. Popov and Lagoudas [124] presented,
in 2007, a 3-D constitutive model based on a modiﬁed phase transformation diagram
that took into account the conversions of austenite into detwinned martensite as well
as the detwinning of self-accommodated martensite. Thiebaud et al. [125] presented an
implementation in a ﬁnite element code of a phenomenological model based on the work
of Raniecki and Lexcellent [109]. Panico and Brinson [126] and Zaki and Moumni [127]
both presented new macroscopic three-dimensional models.
In 2008, Moumni et al. [128], established reversible and dissipative equations that con-
sidered the mechanical behavior of a solid capable of undergoing internal phase change.
In the same year, Reese and Christ [129] suggested a phenomenological material model
for SMA while Lagoudas [23] published a book entitled Shape Memory Alloys - Modeling
and Engineering Applications. In the following year, Thamburaja and Nikabdullah [130]
developed a macroscopic constitutive model for SMA that later they implemented in
ABAQUS. In 2010, Thamburaja [131] developed a new model in the isotropic plasticity
setting using standard balance laws, while Arghavani et al.[132; 133; 134] proposed two 3-
D phenomenological models and introduced a new class of constitutive models for SMA.
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Later, in 2011, Arghavani et al. [135] investigated a 3-D ﬁnite-strain phenomenological
model and proposed the logarithmic mapping, a new form of time-discrete equations.
Morin et al. [136] proposed a new model for SMA and an algorithm to implement this
model. Chemisky et al. [137] also proposed a constitutive model that included phase
transformation, martensite reorientation and twins accommodation. In the same year,
Auricchio et al. [40] presented a 3-D phenomenological model for magnetic SMA.
In 2012, a diﬀerent constitutive model was proposed by Lagoudas et al. [138] for
the numerical analysis of phase transformation in SMA, that was based on Boyd and
Lagoudas work [139]. Zhou [140] presented a macroscopic model considering plasticity
and Mehrabi et al. [141] used a return map algorithm to implement a model in a ﬁnite
element program and then employed a microplane theory. In the following year, Mehrabi
and Kadkhodaei [142] used also a microplane theory to model SMA while Stebner and
Brinson [143] implemented a 3-D model and derived a new explicit scheme for solving the
model equations. Also in that year, Stupkiewicz and Petryk [144] developed a model of
pseudelasticity in SMA within the incremental energy minimization framework. In 2014,
Mehrabi et al. provided experimental data on the anisotropic behavior of a NiTi tube
[145] and focused on modeling these materials using microplane formulation [146; 147].
Auricchio et al. [148] developed a reﬁned and general 3-D phenomenological constitutive
model for SMA that takes into account several physical phenomena, such as martensite
reorientation and diﬀerent kinetics between both phase transformations. Two years ago,
in 2015, Ashraﬁ et al. [149]developed a 3-D phenomenological constitutive model for the
pseudoelastic behavior and SME of porous SMA, while Gu et al. [150] implemented
numerically Zaki and Moumni model [127]. Lastly, in 2016, Cisse et al. [151] presented
a review of key constitutive models for SMA.
Table 4.2: SMA phenomenological models research since 1980 to the present (adaptaded
from [3]).
year authors number of citations reference
1980 Müller and Wilmanski 72 [87]
1982 Tanaka and Nagaki 268 [89]
1985 Müller 34 [88]
1988 Bondaryev and Wayman 47 [90]
1989 Müller 122 [91]
1990 Tanaka 116 [94]
Liang and Rogers 1337 [93]
Duerig et al. 1264 [92]
1991 Müller and Xu 379 [95]
1993 Huo and Müller 224 [96]
Brinson 1428 [97]
1994 Lin et al. 81 [98]
Graesser and Cozarelli 181 [99]
Boyd and Lagoudas 301 [101]
Ivshin and Pence 117 [100]
1995 Tanaka et al. 169 [103]
Shaw and Kyriakides 769 [102]
1996 Leclercq and Lexcellent 246 [104]
Lubliner and Auricchio 167 [105]
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Table 4.2: SMA phenomenological models research since 1980 to the present (adaptaded
from [3]).
year authors number of citations reference
1997 Trochu and Qian 72 [107]
Sittner et al. 13 [108]
Auricchio et al. 459 [27]
Auricchio and Taylor 337 [106]
1998 Souza et al. 210 [26]
Raniecki and Lexcellent 191 [109]
Otsuka and Wayman 154 [110]
1999 Tokuda et al. 43 [111]
2000 Qidwai and Lagoudas 186 [112]
2001 Auricchio 150 [113]
2002 Liew et al. 26 [114]
Thamburaja and Anand 77 [115]
Lexcellent et al. 92 [117]
Auricchio and Petrini 139 [118]
2003 Helm and Haupt 208 [119]
2004 Auricchio and Petrini 222 [4]
Auricchio and Petrini 111 [120]
Bouvet et al. 181 [121]
2006 Terriault et al. 54 [122]
Müller and Bruhns 83 [123]
2007 Popov and Lagoudas 172 [124]
Thiebaud et al. 41 [125]
Panico and Brinson 175 [126]
Zaki and Moumni 126 [127]
2008 Moumni et al. 78 [128]
Reese and Christ 118 [129]
Lagoudas 88 [23]
2009 Thamburaja and Nikabdullah 25 [130]
2010 Arghavani et al. 152 [134]
Arghavani et al. 27 [133]
Arghavani et al. 2 [132]
Thamburaja 50 [131]
2011 Morin et al. 93 [136]
Auricchio et al. 22 [152]
Chemisky et al. 97 [137]
Arghavani et al. 21 [135]
2012 Zhou 13 [140]
Lagoudas et al. 191 [138]
Mehrabi et al. 14 [141]
2013 Stupkiewicz and Petryk 26 [144]
Stebner and Brinson 37 [143]
Mehrabi and Kadkhodaei 40 [142]
2014 Mehrabi et al. 28 [147]
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Table 4.2: SMA phenomenological models research since 1980 to the present (adaptaded
from [3]).
year authors number of citations reference
Auricchio et al. 47 [148]
Mehrabi et al. 24 [146]
Mehrabi et al. 18 [145]
2015 Ashraﬁ et al. 13 [149]
Gu et al. 13 [150]
2016 Cisse et al. 41 [151]
4.7 Constitutive models
4.7.1 The Souza et al. phenomenological model
Souza et al. [26] developed a new phenomenological model able to describe the shape
memory eﬀect and pseudoelasticity, using a simple algorithm based on the return map
procedure. The primary goal is to describe the amount of the product phase as well
as the corresponding residual strain. This model is based on the theory of irreversible
thermodynamics, and it does not consider exothermic and the endothermic nature of
the phase transformation. It also stands on a small-deformations regime that does not
include plastic deformation. The authors choose two controllable variables, strain ε and
the Absolute temperature (Tabs), and one internal variable used to describe the phase
transformations, the Deviatoric part of transformation strain (etr) also named by the
authors as transformation strain. The parent phase (austenite or twinned martensite)
presents an elastic behavior but when the material stress attain the highest stress plateau,
a phase transformation takes place and it becomes product phase (detwinned martensite).
Kinematically it can be described by the development of etr. The total strain is related
to etr by the equation:
ε = εe + εtr. (4.1)
The decomposition of the linear total strain tensor ε between an elastic and inelastic
strains can also be made as
ε = e+
θ
3
· I, (4.2)
where the Volumetric strain (θ) corresponds to the trace operator of ε, e is the deviatoric
strain and I stands for the second-order identity tensor.
The authors deﬁned the Deviatoric stress tensor (s), using the equation
s = σ − p · I, (4.3)
where σ represents the stress tensor and p is deﬁned by p =
tr(σ)
3
=
σxx + σyy + σzz
3
.
The Helmholtz free energy represents a thermodynamic potential that measures the
work that can be obtained through the internal energy available by the thermodynamic
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system at constant temperature and volume. For a polycristalline SMA material, the
Helmholtz free energy (ψ) can be described as
ψ(θ, e, Tabs, e
tr) = (
λ
2
+
µ
3
)(θ)2+µ
∥∥e− etr∥∥2+τM (Tabs)∥∥etr∥∥+h
2
∥∥etr∥∥2+Iξs(etr), (4.4)
where λ and µ are constants related to the material, h is a parameter related to the
material hardening, associated with the transformation phase, τM (T ) is a function of the
temperature Tabs, usually called Maxwell-stress. This function is equal to
β < Tabs − T0 >, (4.5)
where β is a material parameter associated with the stress-temperature relation. The
function Iξs(etr) is used to satisfy the constraint related to the transformation strain and
is deﬁned as
ξs(e
tr) =
{
0, if
∥∥etr∥∥ ≤ ξs
+∞, otherwise . (4.6)
Through diﬀerentiating equation 4.4, it is possible to obtain the diﬀerent stress com-
ponents in the form
p =
∂ψ
∂θ
=
(
λ+
2µ
3
)
θ = Kθ,
s =
∂ψ
∂e
= 2µ(e− etr) = 2G(e− etr),
µ = −( ∂ψ
∂Tabs
) =
[
τM (Tabs) + h‖etr‖+ γ
] etr
‖etr‖ ,
X = −( ∂ψ
∂(etr)
) = s− µ = s− [τM (Tabs) + h‖etr‖+ γ] etr‖etr‖ ,
(4.7)
where µ represents the density of the entropy and X, which is a symmetric and devia-
toric tensorial quantity, represents the driving force for phase transformation processes.
Finally, G is the shear modulus and K is the bulk modulus.
Nucleation of the product phase
When the only phase present is the parent one, this implies that etr = 0, and the
transformation stress, X, can not be determined from the constitutive relation presented
above, equation (4.7). Hence, it is not possible to determine through the analysis of the
evolution law of etr, whether nucleation of the product phase takes place or not.
If etr = 0, then the phase transformation takes place only if
‖s‖ = τM (Tabs) +R. (4.8)
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Moreover, when the product phase nucleates, the thermodynamic force X is given by:
X = R
s
‖s‖ , (4.9)
where R is a positive material parameter that can be deﬁned as the radius of the elastic
domain. Assuming an hypothetical process starting with etr = 0 and e˙tr 6= 0. Assuming
that ‖s−X‖ = β〈Tabs − T0〉+ h‖etr‖ holds for etr in a neighborhood of zero, it follows
by continuity that ‖s−X‖ = τM (Tabs) = β〈Tabs − T0〉.
Therefore, if a phase transformation is expected to occur, when etr = 0 there must
be
‖s‖ = ‖s−X+X‖ ≤ ‖s−X‖+ ‖X‖ = τM (T ) +R, (4.10)
and the transformation requires that ‖X‖ = R.
To satisfy the second law of thermodynamics, they choose the ﬂow rule and the
classical Kuhn-Tucker conditions as the following:
˙etr = ζ˙
∂F
∂X
= ζ˙
X
‖X‖ , (4.11)
with

ζ˙ > 0,
F ≤ 0,
ζ˙F = 0,
(4.12)
where ζ plays a role similar to the plastic consistent parameter.
The ﬂow rule requires that ˙etr and ‖X‖ must have the same directions, the same as
etr when integrated in a short process. This is inconsistent with the fact that etr should
point toward s−X. Although, moving back to the model description, the derivation of
χεL(e
tr) creates the variable γ deﬁned as follows

γ = 0, if ‖etr‖ < εL
γ ≥ 0, if ‖etr‖ = εL
∂χεL(e
tr) = γe
tr
‖etr‖
. (4.13)
To describe the phase transformation evolution, the limit function was deﬁned as
F (X) = ‖X‖ −R. (4.14)
The Souza model can be summarized in table 4.3.
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Table 4.3: Original Souza model, summarized and adapted from [3].
External Variables: ε, Tabs
Internal Variables: etr
Stress Quantities
s = 2G(e− etr)
µ =
[
τM (Tabs) + h‖etr‖+ γ
]
, e
tr
‖etr‖
X = s− µ
with{
γ ≥ 0 if‖etr‖ = εL
γ = 0 otherwise
Evolution Equation
˙etr = ζ˙ X‖X‖
Limit Function
F (X) = ‖X‖ −R
Kuhn-Tucker conditions
ζ˙ > 0
F ≤ 0
ζ˙F = 0
4.7.2 Auricchio-Petrini Model
Auricchio and Petrini [4] proposed a simple modiﬁcation for Souza model [26], in order
to allow the development of a more eﬀective and robust time-discrete solution algorithm.
Hence, they proposed a new three dimensional macroscopic thermo-mechanical model
that they hope would be able to reproduce the most signiﬁcant features of SMA. Its
main goal was to develop a robust integration algorithm that was adopted into a ﬁnite
element code for the analysis of realistic applications. They particularly propose a simple
regularization of the transformation strain norm and concentrate on the pure mechanical
problem within the framework of phenomenological continuum mechanics. This allows
to describe a time-discrete algorithm and its application and to solve boundary value
problems with temperature dependence.
Time-continuous model
Similarly to Souza et al. [26], Auricchio and Petrini [4] choose as control variables the
Strain tensor (ε) and Tabs. As well as the unique internal variable, transformation strain
tensor, etr, which they assume to be traceless due to experimental evidences, meaning
that it suﬀers no volume changing during the phase transformation.
Considering εL as the maximum transformation strain that is reached at the end of
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the transformation, during an uniaxial test, it is required that:
0 ≤‖ etr ≤ εL. (4.15)
Assuming a small strain regime, the free energy function ψ for a polycrystalline SMA
material is deﬁned by
ψ(ε, etr, Tabs) = ψel + ψch + ψid + χεL(e
tr). (4.16)
Using the same decomposition, equation 4.2:
ε = e+
θ
3
I.
The following positions are adopted by the authors:
1. the elastic strain energy ψel, due to the thermo-elastic material deformation, is
equal to:
ψel =
1
2
Kθ2 +G‖e− etr‖2 − 3αKθ(Tabs − T0), (4.17)
where α is the thermal expansion coeﬃcient.
2. the chemical energy ψch, due to thermally-induced martensitic transformation, is
set equal to:
ψch = β〈Tabs −Mf 〉‖etr‖, (4.18)
being β a material parameter related to the dependence of the critical stress on the
temperature and 〈•〉 the positive part function;
3. the transformation strain energy ψtr, due to the transformation-induced hardening,
is equal:
ψtr =
1
2
h|etr|2, (4.19)
where h is a material parameter that deﬁnes the slope of the linear stress-transformation
strain relation in the uniaxial case;
4. the free energy ψid due to the change in the temperature with respect to the refer-
ence state (T = T0) in an incompressible ideal solid, is set to:
ψid = (u0 − Tabsη0) + c
[
(Tabs − T0)− Tabs ln Tabs
T0
]
, (4.20)
where c corresponds to the heat capacity, u0 and η0 the internal energy and the
entropy at reference state, respectively;
5. χεL(e
tr) is equal to an indicator function that is introduced in order to satisfy the
constraint on the transformation strain norm:
χεL(e
tr) =
{
0, if
∥∥etr∥∥ ≤ εL
+∞, otherwise . (4.21)
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Similarly to what Souza et al. [26] did, constitutive equations can be derived:

p =
∂ψ
∂θ
= K [θ − 3α(Tabs − T0)] ,
s =
∂ψ
∂e
= 2G(e− etr),
η = −
(
∂ψ
∂Tabs
)
= η0 + 3αKθ − β‖etr‖〈Tabs −Mf 〉|Tabs −Mf | + c ln
Tabs
T0
,
X = −
(
∂ψ
∂etr
)
= s−
[
β〈Tabs −Mf 〉+ h‖etr‖+ ∂χεL(e
tr)
∂‖etr‖
]
∂‖etr‖
∂etr
,
(4.22)
in which η is the entropy, X is the thermodynamic force associated to the transformation
strain and indicated in the following as transformation stress. The subdiﬀerential of the
indicator function results:
∂χεL(e
tr)
∂‖etr‖ =

0 if
∥∥etr∥∥ < εL
+R if
∥∥etr∥∥ = εL
∅ if ∥∥etr∥∥ > εL . (4.23)
Regarding the fourth equation of Equation (4.22), transformation stress, X, can also
be rewritten as:
X = s−α, (4.24)
with the tensor α playing a role similar to the so-called back stress in classical plasticity
and deﬁned as:
α =
[
β〈T −Mf 〉+ h‖etr‖+ γ
] ∂‖etr‖
∂etr
, (4.25)
where {
γ = 0, if 0 ≤ ‖etr‖ < εL
γ ≥ 0, if ‖etr‖ = εL
, (4.26)
and X can be identiﬁed as a relative stress. Also, in the Equation (4.25), the terms
β〈T −Mf 〉 and h‖etr‖ describe a linear dependency of α on the temperature and a linear
hardening behavior proportional to ‖etr‖ during the phase transformation.
To conclude the model, they introduce the evolution law for etr, also called the ﬂow
rule
e˙tr = ζ˙
∂F (X)
∂σ
, (4.27)
and using the Kuhn-Tucker conditions:
ζ˙ ≥ 0 , F ≤ 0, ζ˙F = 0,
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where F is a limit function and ζ˙ is similar to the plastic consistent parameter.
The authors assumed an yield function in the form:
F (X) =
√
2J2 +m
J3
J2
−R, (4.28)
where J2 and J3 are, respectively, the second and third invariant of the deviatoric tensor
X while m is a material parameter that should satisfy the next condition, in order to
guarantee the limit surface convexity: m ≤ 0.46
Regarding the invariants, they can be deﬁned as:
J2 =
1
2
(X2 : I), (4.29)
J3 =
1
3
(X3 : I), (4.30)
While R and m can be expressed by:
R = 2
√
2
3
σcσt
σc + σt
, (4.31)
m =
√
27
2
σc − σt
σc + σt
. (4.32)
A summary of the time-continuous model presented by Auricchio and Petrini is repre-
sented in table 4.4.
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Table 4.4: Time-continuous Auricchio-Petrini model frame (adapted from [4]).
External Variables: ε, Tabs
Internal Variables: etr
Stress Quantities
p = K [θ − 3α(Tabs − T0)]
s = 2G(e− etr)
η = η0 + 3αKθ − β‖etr‖〈Tabs −Mf 〉|Tabs −Mf | + c ln
Tabs
T0
X = s−
[
β〈Tabs −Mf 〉+ h‖etr‖+ ∂χεL(e
tr)
∂‖etr‖
]
∂‖etr‖
∂etr
with{
γ ≥ 0 if‖etr‖ = εL
γ = 0 otherwise
Evolution Equation
˙etr = ζ˙
∂F (X)
∂σ
Limit Function
F (X) =
√
2J2 +m
J3
J2
−R
Kuhn-Tucker conditions
ζ˙ > 0
F ≤ 0
ζ˙F = 0
Time-discrete model and solution algorithm
In this subsection the non-linear problem is approached by using an implicit time-discrete
strain-driven problem. Therefore the time interval f interest [0, Tabs] is subdivided in
sub-increments in order to solve the evolution problem over the generic interval [tn, t],
considering t > tn. In order to simplify the notation used, from this point on, it is deﬁned
that t = tn+1 and tn = tn.
Using an implicit backward Euler method and knowing the solution at time tn and
the strain tensor at time tn+1 , it is possible to integrate the model rate equations.
Stress history is then derived by the strain history through the use of what it is called
a return-map. Initially suggested for the solution of plasticity formulations, the return
map provides an eﬃcient and robust integration scheme based on a discrete enforcement
of the evolutionary equations [2].
The authors then limit the discussion only to problems where the temperature is
constant and given during each time-step. The time-discrete constitutive model is then
Andreia Esteves Santos Master Degree Dissertation
4.SMAs constitutive modeling 63
described as follows

p = K [θ − 3α(Tabs − T0)]
s = 2G(e− etr)
X = s− β〈Tabs − T0〉+ e
tr
‖etr‖ − he
tr − γ e
tr
‖etr‖
γ ≥ 0
etr = etrn + ∆ζ
X
‖X‖
‖etr‖ ≤ εL
F (X) = ‖X‖ −R ≤ 0
∆ζ ≥ 0, ∆ζF (X) = 0
, (4.33)
where ∆ζ = (ζ−ζn) is the consistency parameter, time integrated over the interval [tn, t].
Since the transformation stress X depends on the derivative of the transformation
strain, the Equation (4.33) presents a major problem, because the transformation strain
can be null, making the derivative undeﬁned. Hence, to overcome the referred problem,
Auricchio and Petrini proposed to change the euclidean norm ‖etr‖ with the regularized
norm ‖etr‖, deﬁned as below:
‖etr‖ = ‖etr‖ − δ
(δ+1)/δ
δ − 1
(‖etr‖+ δ)(δ−1)/δ , (4.34)
where δ is a user-deﬁned parameter which controls the smoothness of the regularized
norm. For large values of the transformation strain, the regularized norm coincides with
the Euclidean norm. For small values, the diﬀerence between the norms is measured by
δ and it tends to zero whenever δ → 0
The solution of the modiﬁed time-discrete model is approached by the authors with an
elastic-predictor inelastic-corrector procedure, present in the classical theory of plasticity.
The algorithm consists in evaluating the elastic trial state, in which the internal variables
remain constant, and verifying the admissibility of the trial function. If its admissible,
the step is elastic and, on the other hand, if it is non-admissible then the step is inelastic
and the transformation strain has to be updated through integrations of the evolutionary
equation. The inelastic step is solved following the branch solution and state update (also
presented in table 4.4). It starts with the assumption that ‖etr‖ < εL which implies that
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γ = 0 and the rewriting of the Equation (4.33) in the residual form, as follows:
RX = X− sTR + 2G∆ζ ∂F
∂σ
+
[
〈β(Tabs −Mf )〉+ h‖etr‖
] ∂‖etr‖
∂etr
= 0
R∆ζ =
√
2J2 +m
J3
J2
−R = 0
, (4.35)
Then, in order to solve the non linear equation system, the Newton-Raphson method is
used. If ‖etr‖ > εL, then γ > 0 and the residual form of the Equation (4.33) is rewritten
as presented below:
RX = X− sTR + 2G∆ζ ∂F
∂σ
+
[
〈β(Tabs −Mf )〉+ h‖etr‖+ γ
] ∂‖etr‖
∂etr
= 0
R∆ζ =
√
2J2 +m
J3
J2
−R = 0 (4.36)
Rγ = ‖etr‖ − εtr = 0
Finally, the eight non-linear scalar equations, constituted by the six components of X,
∆ζ and γ, are solved with a Newton-Raphson method.
4.7.3 The Auricchio-Taylor model
In the literature there are diﬀerent authors who have been developing a new family
of inelastic models in order to describe features that classical plasticity is not capable.
Auricchio, Taylor and Lubliner proposed a new model, Auricchio-Taylor-Lubliner [27],
also known as Auricchio-Taylor (as named in the following document) that is based on
the developments made before by Phillips and collaborators on the inelastic models.
It corresponds to the initial development of computational tools for design with shape
memory alloys, through the exploration of the generalized plasticity framework,regarding
the superplasticity eﬀect.
The present model had three diﬀerent goals, being the ﬁrst one the development of
constitutive models that are able to reproduce the superelastic behavior of shape memory
alloys, when applied tension and compression loads, or when the single-variant martensite
reorientation process occurs. The second goal was to implement this formulations into
numerical simulation, specially using a FEM scheme approach. The third, and last,
goal was to test it through diﬀerent applications in order to evaluate the viability of the
model.
To begin with, this model is based on the following hypothesis:
 in order to reproduce the hysteric behavior each phase transformation has diﬀerent
initial and ﬁnal conditions;
 phase-transition initial conditions depend on stress and temperature;
 pressure dependence of some phase-transition in terms of initial conditions and
evolutionary conditions;
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 possibility of phase-transformation eﬀects reversing due to thermomechanical ef-
fects.
Also, just like in the previous models presented, it was established a condition of
isotropy, but in this model a distinction between diﬀerent single-variant species was
not made. Due to this condition, there are only two phases taken into consideration:
austenite (A) and single-variant martensite (S). However, three phase transformations
will be used:
 conversion of austenite into single-variant martensite (A→S);
 conversion of single-variant martensite into austenite (S→A);
 single-variant martensite reorientation (S→S).
The three-dimensional model presented is a generalization of the 1D-1 model, and it
reproduces the superelastic behavior for three-dimensional stress states. In order to de-
scribe the 3D model, two control variables, Uniaxial stress (σ) and the Relative tempera-
ture (Trel), and two internal variables, Scaled transformation strain (u) and Single-variant
martensite volume fraction (ξs) were chosen. Also, phase transformation conditions were
taken into account, namely strain transformation denominated by εtr, that can be de-
composed by εtr = εLu where εL is a scalar parameter that represents the maximum
deformation that can only be obtained by detwinning of the multiple-variant martensite.
To each process it can be set:
u˙ = u˙AS + u˙SA + u˙SS, (4.37)
ξ˙ = ξ˙AS + ξ˙SA. (4.38)
Note that the reorientation process occurs at constant value of the martensite fraction,
which implies that ξ˙SS = 0.
Conversion of austenite into single-variant martensite (A→S)
Using a Drucker-Prager-type loading function:
FAS(σ, Trel) = ‖s‖+ 3αp− CASTrel (4.39)
where s is deﬁned as s = σ − tr(σ)3 I and where ‖·‖ is the euclidean norm. The pressure
is deﬁned by p and CAS and α are material parameters.
To express the initial and ﬁnal transformations, it can be used, respectively:
FASs = F
AS −RASs , (4.40)
FASf = F
AS −RASf , (4.41)
and RASs and R
AS
f can be expressed as
RASs =
[
σASs
(√
2
3
+ α
)
− CASTASs
]
, (4.42)
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RASf =
[
σASf
(√
2
3
+ α
)
− CASTASf
]
, (4.43)
where σASs , σ
AS
f ,T
AS
s and T
AS
f are material parameters.
The conditions set for the conversion of austenite into single-variant martensite are:
FASs > 0,
FASf < 0, (4.44)
˙FAS > 0.
The follow equation describes the evolution of the scaled transformation strain in the
form
u˙AS = ξ˙ASs N
AS, (4.45)
where
NAS =
MAS
‖MAS‖ ,
MAS =
∂FAS
∂σ
,
(4.46)
For the evolution of the single-variant martensite fraction, two diﬀerent forms can be
assumed, namely the exponential and the linear form. These forms are presented in the
following equations, respectively:
ξ˙ASs = H
ASβAS(1− ξs) F˙
AS
(FASf )
2
, (4.47)
ξ˙ASs = −HAS(1− ξs)
F˙AS
FASf
, (4.48)
with βAS being a material parameter that measures the speed of the transformation and
HAS as a scalar parameter that embeds the conditions set previously for the activation
of the phase transformation. The term HAS is deﬁned by:
HAS =
{
1, if FASs > 0, F
AS
f < 0, F˙
AS > 0
0, otherwise
. (4.49)
Conversion of single-variant martensite into austenite (S→A)
Similarly to the methodology used above, a Drucker-Prager-type function was used:
F SA(σ, Trel) = ‖s‖+ 3αp− CSATrel, (4.50)
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where CSA is a material parameter. To express the initial and ﬁnal transformations, it
can be used, respectively:
F SAs = F
SA −RSAs , (4.51)
F SAf = F
SA −RSAf , (4.52)
with
RSAs =
[
σSAs
(√
2
3
+ α
)
− CSAT SAs
]
, (4.53)
RSAf =
[
σSAf
(√
2
3
+ α
)
− CSAT SAf
]
, (4.54)
and σSAs , σ
SA
f , T
SA
s , T
SA
f as material parameters.
The conditions for the conversion of single-variant martensite into austenite are:
F SAs < 0,
F SAf > 0, (4.55)
˙F SA < 0.
The evolution of the scaled transformation strain can be described as:
u˙SA = ξ˙SAs N
SA, (4.56)
with
NSA =
u
‖u‖ . (4.57)
Similarly to the conversion of austenite into single-variant martensite, the evolution of
the single-variant martensite fraction can be written in two diﬀerent forms exponential
and linear, expressed, respectively, in the following equations:
ξ˙SAs = H
SAβSA(1− ξs) F˙
SA
(F SAf )
2
, (4.58)
ξ˙SAs = H
SAξs
F˙ SA
F SAf
, (4.59)
where βSA is a material parameter and
HSA =
{
1, if F SAs < 0, F
SA
f > 0, F˙
SA < 0
0, otherwise
. (4.60)
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Single-variant martensite reorientation (S→S)
In order to model the single-variant martensite reorientation process for non proportional
changes of stress (changes of direction or rotation), the loading function can be expressed
as:
F SS(σ, Trel) = ‖s‖+ 3αp− CSSTrel, (4.61)
F SS = F SS −RSSs , (4.62)
with
RSSs =
[
σSSs
(√
2
3
+ α
)
− CSST SSs
]
, (4.63)
where CSS, σSSs and T
SS
s are material parameters.
The conditions for the activation process of reorientation can be expressed as:
F SSs > 0,
N˙SS 6= 0, (4.64)
where
NSS =
MSS
‖MSS‖ , (4.65)
and
MSS =
∂F SS
∂σ
. (4.66)
The scaled transformation strain evolves as follows:
u˙SS = HSSξsN˙
SS, (4.67)
with
HSS =
{
1, if F SSs > 0
0, otherwise
. (4.68)
At this point, the authors [27] made an additional consideration pointing out that from
a physical point of view, when a material has enough energy to convert austenite into
martensite, then it also has enough energy to reorient the martensite fraction already
present. From this, it is then set that CAS = CSS, RASs = R
SS
s and F
AS
s = F
SS
s .
Therefore, it follows that
MAS = MSS =
s
‖s‖ + αI = M, (4.69)
NAS = NSS =
1
1 + 3α
(
s
‖s‖ + αI
)
= N, (4.70)
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are obtained through the expressions that deﬁne FASs and F
SS
s .
The rate equations for the scaled transformation strain can be integrated in order to
obtain the following equation
u = ξsN̂, (4.71)
where if HSS = 1 then N̂ = N. Otherwise N̂ is equal to the last value of N attained
when HSS was equal to 1.
Considering the two cases:
 If HSS = 1 then N̂ = N and u is in the direction of N.
NSA = N
u˙ = ξ˙sN+ ξsN˙ = (ξ˙
AS
s + ξ˙
SA
s )N+ ξsN˙
. (4.72)
That corresponds to the sum of the three transformation strain rate.
 If HSS = 0 then HAS = 0 and only HAS can be non zero. Also, since HSS = 0, N̂
is ﬁxed. Therefore, the rate equation returns
u˙ = ξ˙ASs N̂,
where N̂ corresponds to a rescaling of u and respects the following expression
N̂ =
u
‖u‖ . (4.73)
Due to the particular form of N, the required condition of B̂ 6= 0 for the reorien-
tation process to be active reduces to
[I− n⊗ n]s˙ 6= 0, (4.74)
where n = s‖s‖ , and I is the four-order identity tensor.
Time-continuous model
The authors described a time-continuous model with a small regime deformation, addi-
tively decomposing, as Souza [26] did previously, the total strain into an elastic, εe, and
a transformation strain, εtr part, in the form ε = εe + εtr (equation 4.1), where εtr = εLu
being εL a material parameter.
Two external variables were chosen by the authors [27] , strain ε and relative tempera-
ture Trel, and also two internal variables, transformation strain εtr and the single-variant
martensite volume fraction ξs.
The free energy function chosen was:
Ψ = Ψ(ε) =
1
2
εDeε, (4.75)
where De is the fourth-order rank elastic modulus tensor.
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The stress is given by the following expression:
σ =
∂Ψ
∂ε
= Deεe = D
e(ε− εLu). (4.76)
Recalling the Drucker-Prager-type loading functions and considering the hypothesis
of isotropy and that the elastic tensorD is constant, it is possible to split ε into volumetric
and deviatoric parts. Then, and using the same notation introduced before, the following
expressions can be written:
ε = e+
θ
3
I, (4.77)
εe = e
e +
θe
3
I, (4.78)
e = ee + εLξsm, (4.79)
θ = θe + 3αεLξs, (4.80)
w = 3αξs, (4.81)
v = ξsm, (4.82)
p = Kθe = K(θ − εLw), (4.83)
s = 2Gee = 2G(e− εLv), (4.84)
where m is the deviatoric part of N̂.
Time-discrete isothermal model and solution algorithm
This section presents a time-discrete isothermal solution of the three-dimensional model
referred before. It will be discussed an algorithmic implementation of the model based on
a ﬁnite-element framework. Contrarily to the time-continuous model, where stress and
temperature were chosen as controllable variables, in this case strain is the only control
variable, because from the point of view of integration scheme, the time-discrete problem
is considered strain-driven. As all the models presented before, it is only considered a
small deformation regime.
The authors choose two time values, tn and tn+1 such that tn+1 > tn being tn+1 the
ﬁrst value of interest after tn. Knowing the value of the strain at time tn+1 plus the
solution at time tn, it is possible to compute a solution at time tn+1.
In order to minimize the appearance of subscripts, they introduced the convention
an = a(tn) , a = a(tn+1),
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where a is any generic quantity. Therefore, the subscript n indicates a quantity evaluated
at time tn, while no subscript indicates a quantity evaluated at time tn+1.
Using a backward-Euler integration formula, the discrete forms of the equations for
v, w and ξs that were presented before, are given by
w = 3αξs, (4.85)
v = ξsm, (4.86)
ξs = ξs,n + (λ
AS
s + λ
SA
s ), (4.87)
where
λASs =
∫ tn+1
tn
ξ˙ASs dt, (4.88)
λSAs =
∫ tn+1
tn
ξ˙SAs dt. (4.89)
Similarly, using a backward-Euler integration scheme to integrate the time-continuous
evolutionary equations yields the corresponding time-discrete evolutionary equations.
Written in residual form and after clearing fractions, the time discrete evolutionary equa-
tions specialize to:
RAS = (FASf )2λASs −HASβAS(1− ξs)(FAS − FASn ) = 0, (4.90)
RSA = (F SAf )2λSAs −HASβASξs(F SA − F SAn ) = 0, (4.91)
for the exponential form, while for the linear form:
RAS = FASf λASs +HAS(1− ξs)(FAS − FASn ) = 0, (4.92)
RSA = F SAf λSAs −HASξs(F SA − F SAn ) = 0. (4.93)
The quantities λASs and λ
SA
s can be computed expressing F
AS and F SA as functions of
λASs and λ
SA
s and requiring the satisfaction of RAS and RSA.
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Computational implementation
For the time-discrete model, a return-map algorithm is used as the integration scheme.
For the solution of the plasticity formulations, the return-maps provides an eﬃcient and
robust integration scheme. It belongs to the family of elastic-predictor/inelastic-corrector
algorithms and for this reason is a two part algorithm. Regarding the ﬁrst part, a purely
elastic trial state is computed. In the second part, if the trial violates the constitutive
model, an inelastic correlation is computed using the trial state as an initial condition.
The details of the proposed algorithm are the following:
(1) Trial State
Assume that no phase transformations occur→ w = wn, v = vn, ξs = ξs,n, λASs = λSAs =
0. Compute the trial pressure and the trial deviatoric part of the stress:
pTRIAL = K(θ − εLwn)
sTRIAL = 2G(e− εLvn)
(2) Check reorientation process (S→S)
Compute F SS
If F SSs > 0 then
set HSS = 1
update w, εtr and v
recompute pTRIAL and sTRIAL
else
set HSS = 0
end if
(3) Check solutions with ξs = 0 and ξs = 1
Compute FAS|ξs=1 and F SA|ξs=0
If FAS|ξs=1 > RASf then
ξs = 1 is the appropriated solution
solution found
set HAS = 1
else
ξs = 1 is not the appropriate solution
end if
If F SA|ξs=0 < RSAf then
ξs = 0 is the appropriated solution
solution found
else
ξs = 0 is not the appropriate solution
end if
If solution found please skip to 7.
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(4) Check A→S transformation
Compute FAS, FASs and F
AS
n
If FASs > 0, F
AS > FASn and ξs,n < 1 then
set HAS = 1
else
set HAS = 0
end if
(5) Check S→A transformation
Compute F SA, F SAs and F
SA
n
If F SAs < 0, F
SA < F SAn and ξs,n > 0 then
set HSA = 1
else
set HSA = 0
end if
(6) Compute martensite evolution
If HSA = 1 or HAS = 1 then
compute λASs and λ
SA
s
update ξs, v, w, p and s
end if
(7) Compute algorithmic tangent
If HSA = 1 or HAS = 1 or HSS = 1 then
compute algorithmic inelastic tangent
else
compute elastic tangent
end if
In the following chapter the methodology used to achieve the goals proposed in the
beginning of this dissertation is explained in detail.
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Chapter 5
Problem description
In the present chapter, selected tests performed on stents during the last decade will be
explored, especially regarding the bending test of stents. Also, the two stent models that
were used in the whole project will be presented, along with their characteristics. In order
to start with smaller steps, a tensile test [5] was performed using a cube with just two
elements. Later with a better understanding of how the material works on Femap, one-
cell prototypes of the ﬁnal stent models were used (in order to have smaller computational
times). These intermediate models will also be fully described in the current chapter.
To ﬁnish this chapter, the methods and options that were made to simulate the bending
test chosen, will be explained. As it was said in the beginning of this document, the
main goal was to perform a bending test using two diﬀerent stent models, comparing at
the end the obtained maximum reaction force at the distal extremity with the reference
values, as provided by Ferraro [2]. The referred results will be presented in the next
chapter followed by discussion and respective conclusions.
5.1 Stent models chosen for the present study
Two self-expanding carotid stents were used to perform the simulation. These stents,
provided by Ferraro [2] have diﬀerent design conﬁgurations, being nominated as Model
A and Model B in the following. They actually correspond to two conﬁgurations commer-
cially available and used in clinical practice, resembling, respectively, a Bard ViVEXX
Carotid Stent (C.R. Bard Angiomed GMbH & Co., Germany) and a XACT Carotid
Stent (Abbott, Illinois, USA).
In terms of design speciﬁcations, both models have, when in a straight conﬁguration,
30 mm length and a 9 mm diameter reference. Regarding the open-cell versus closed-cell
conﬁguration, these models constitute a good example. Due to the fact that model A
adjacent rings are not connected at every junction, it represents an open-cell stent. On
the other hand, model B has all the junctions connected and therefore, it is a closed-cell
stent (ﬁgure 5.1). As referred before, the diﬀerences between these two designs have a
major impact in the biomechanical outcomes of the device, like the vessel scaﬀolding, the
adaptability to the vessel and the ﬂexibility of the structure.
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Figure 5.1: Diﬀerences between the two models used: (a) crimped stents, model A and
B; (b) mesh geometry; (c) three-dimensional models (adapted from [2]).
5.2 First steps analysis
This section will focus in present both models used in order to have a better understanding
of how Femap processes the SMA material and how do the analysis works. First, it was
necessary to create smaller models so it was possible to have lower computational times
and therefore have a quickly adjustment of the material and analysis parameters, in order
to be successful in the next steps. Based on the work of Divringi and Ozcan [5], a tensile
test was performed in a two elements cube. Later a bending test was performed in a
unitary cell of the full stent models A and B (denominated in the following by "prototype
model" A and "prototype model" B). As referred before, the software chosen to perform
the ﬁnite element analysis was Femap with NX Nastran (in the following referred as
Femap). Femap is a simulation software program that creates ﬁnite element analysis
models. It provides pre- and postprocessing support for all the main commercial solvers
on the market which incluedes Nx Nastran, Ansys, LS-DYNA, Abaqus and TMG [153].
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5.2.1 Tensile test in a two element cube
Divringi and Ozcan [5] implemented a SMA material model in a two element cubic mesh
and performed an uniaxial tensile test in simulation software ANSYS in order to study
SME, pseudoelastic loading and thermal actuation. The same analysis setup was build
in Femap and the same material used by Divringi and Ozcan [5] was assigned to the
model. Note that this example was used only to calibrate the material properties on the
software (by comparing them with the tensile test performed by the reference authors
and so using the same mesh properties and boundary conditions) and, therefore, it does
not correspond to the reality of a tensile test. Figure 5.2 shows the model used, with
dimensions of 1x1x1 m, and with the boundary conditions applied. One of the cube's
face was clamped, while in the opposite face a pressure of 600 MPa was applied. In ﬁgure
5.3 it is possible to see the properties of the material that was used in this example. Note
that the reference temperature is the temperature at zero strain state and it was assumed
to be equal to 240 K.
Figure 5.2: Two element cube with the respective boundary conditions.
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Figure 5.3: Material deﬁnition in Femap for the two element cube.
Apart from the referred boundary conditions, for the type of analysis used Advanced
Nonlinear Static with NX Nastran as a solver (also referred in the literature of SOL 601
because of NX Nastran nomenclature) it is needed to activate a 'default temperature'
in the 'body loads' ﬁeld. This temperature is assumed to be the body load temperature
[154]. In ﬁgures 5.4 and 5.5 it is possible to see both the analysis type and how to assign
the temperature body load.
Figure 5.4: Analysis type assigned to the simulation of SMA.
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Figure 5.5: Temperature body load in Femap.
In order to better understand what temperatures allow the solution to converge,
ﬁgure 5.6 was used and seven points were created. Martensite volume fration ξs deﬁnes
the amount of volume that is in the martensitic phase (when is equal to 1) and in the
austenitic phase (when it is equal to 0). These seven points correspond to a combination
of martensite volume fraction values (1, 0 or 0.5) and the temperatures (below Mf ,
between Mf and Ms and between Ms and As and between As and Af and above Af ).
These points were calculated for both materials, the material that is used on the stents
model and the material that Divringi and Ozcan [5] used. In tables 5.1 and 5.2, the
referred points are presented along with the corresponding material. In order to create
and establish comparison parameters for the tensile test and for both materials, the
maximum strain ξs was used as reference.
Table 5.1: Chosen points to test solution convergence using the material provided by
Drivingi and Ozcan [5].
Point number ξs T [K]
1 0.5 281
2 1 250
3 1 293
4 0 293
5 0.5 305
6 0 320
7 0 305
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Figure 5.6: Martensite volume fraction vs Temperature phase transformations graph with
the seven studied points (adapted from [25]).
Table 5.2: Chosen points to test solution convergence using the material provided by
Ferraro [2].
Point number ξs T [K]
1 0.5 231
2 1 202
3 1 243.5
4 0 243.5
5 0.5 254
6 0 265
7 0 254
5.2.2 Bending test with prototype models A and B
With the simulation points established, it was time to take a step further and start using
the stent models. Therefore, the prototype models are good to decrease the simulation
times, as it was said before, allowing at the same time to take conclusions. These models
are presented in ﬁgures 5.7 and 5.8. The same approach for the tensile test is now
used, which means that both prototypes are simulated using the seven points established
earlier. Regarding the boundary conditions, a 3 mm displacement along the Y axis was
imposed (coordinate system is the same as the one in ﬁgure 5.9), complemented by an
enforced displacement and a clamping boundary condition on the nodes of the proximal
extremity of the model. The 3 mm where achieved by using the elastic material and
a displacement of 11 mm to discover where the solution stopped converging. Despite
the diﬀerent geometry, the rest of the problem (i.e. material deﬁnition, body load and
analysis type) is quite the same as it was on the two element cube. At this point, diﬀerent
meshes are also studied, as it is possible to see in the table 5.3 along with both prototypes
dimensions. Values for the maximum force constraint where obtained. In this scenario
large displacements were not considered.
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Figure 5.7: Model used as
prototype A.
Figure 5.8: Model used as
prototype B.
Table 5.3: Geometric dimensions and mesh attributes for both prototype models.
Model Diameter [mm] Length [mm] Elements Nodes
Prototype A 9 7.16
38520 62900
60900 99600
Prototype B 9 9.70 59184 97920
5.3 Analysis setup for the bending test
Based on Ferraro's work [2] and the cantilever beam bending experiment proposed by
Müller-Hülsbeck et al. [9], the bending test performed in this project was simulated
through a displacement-based analysis, both in the small and large deformation regime.
Therefore, the boundary conditions applied to the studied models are also the same that
were used by [2].
Regarding the analysis setup itself, three boundary conditions were applied. Along
the Y axis a displacement of 11 mm was imposed for all the nodes in the distal extremity of
the stent. As a requirement of Femap, this displacement load needed to be complemented
with an enforced displacement boundary condition, constraining the directions along the
three main axis, with X and Y displacement equal to zero. The last boundary condition
applied was on the nodes on the proximal extremity of the stent, that were clamped (see
ﬁgure 5.9).
The maximum constraint force on the model obtained through the simulation was
used as reference to validate the present work.
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Figure 5.9: Schematic picture of one of the stents used to simulate the stent bending,
with all the constraints applied [2].
5.4 Geometric data
In this section, both models used for simulation are presented in the Femap's workspace.
In ﬁgures 5.10 and 5.11 it is possible to see the diﬀerences in both models geometry as
well as the applied boundary conditions.
Figure 5.10: Model A presented in Femap workspace with both boundary conditions
deﬁned.
Figure 5.11: Model B presented in Femap workspace with both boundary conditions
deﬁned.
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5.5 Material data
In the present section, both materials used in this work and its respective properties
are presented. Figures 5.12 and 5.13 show the diﬀerence between these materials and
how they should be entered in Femap's workspace. The Young modulus of the deﬁned
materials is the same so it will be easier to compare the results later.
5.5.1 Simulation with an elastic material
As it was said before, the analysis of both models, was performed, ﬁrstly using an elastic
material with the elastic properties of nitinol and later using the option for shape memory
alloys that Femap provides. Therefore, regarding the analysis with the elastic material,
an Young modulus of E = 53000 MPa was assumed, as well as a Poisson's ratio of
υ = 0.33.
Figure 5.12: Elastic material: properties deﬁnition in femap.
5.5.2 Simulation with Nitinol
The properties used in Femap's card to characterize nitinol were already referred in
section 4.4, table 4.1. It was used the option for shape memory alloys in general that
Femap provides (this option can be found in 'other types' topic) and the blank spaces
were ﬁlled with the referred properties as far as it was possible (the last three spaces
were left blank, i.e. with a 0, because there is no information about these parameters).
Contrarily to an elastic material model, Nitinol has nonlinearities that will be explored
in the next sections.
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Figure 5.13: Nitinol: properties deﬁnition in Femap.
5.6 Mesh options
Three types of meshes were provided by Ferraro [2] for each model, which allowed to make
a comparison between the diﬀerent meshes and what inﬂuence do the reﬁnement has in
the ﬁnal results. All the models had solid elements (see ﬁgure 5.14) and full integration
was used. In table 5.4 it is possible to check the diﬀerences between each mesh, namely
the number of elements and nodes as well as the designation used for each mesh (that
will be used in the next section).
Figure 5.14: Example of the elements used.
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Table 5.4: Number of elements and nodes for the three meshes used in both models.
Model Mesh number Number of elements Number of nodes
A
1 4200 16050
2 16800 49050
3 37800 98850
B
1 5760 22320
2 23040 68040
3 51840 136800
5.7 Analysis types
The software used, Femap, has available a lot of types for analysis including diﬀerent
solver options. In this problem, three of them were used and all of them using NX
Nastran as a solver: 1. Static, 10. Nonlinear static and lastly 22. Advanced nonlinear
static. These three analysis correspond to three diﬀerent steps of the developed work
and, therefore, the present section will be divided as well in three main topics.
Apart from what analysis should be used in which situation, it was necessary to also
study the options that they provide. In ﬁgure 5.15 three diﬀerent parameters appear
highlighted, LGANGLE, LGDISP and LGSTRN. When their boxes are checked on, this
means that the analysis will take into account large rotations, large displacements and/or
large strain, respectively. Using the elastic material for a ﬁrst approach, it is possible
to understand that the use of LGSTRN and LGANGLE does not have inﬂuence in the
model studied contrarily to LGDISP.
Figure 5.15: Analysis nonlinear options.
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Also, the method used to achieve convergence was tested, i.e. as usual Femap allows
the user to personalize the analysis in order to satisfy their needs, which results in diﬀer-
ent methods and parameters combinations. This is only necessary for analysis number
10, nonlinear static. In ﬁgure 5.16 three options are highlighted: None or Advanced Over-
rides, Full Newton-Raphson and Modiﬁed Newton-Raphson. The last one did not work
for this speciﬁc case, but both None or Advanced Overrides and Full Newton-Raphson
lead to the same results, so the ﬁrst one was chosen.
Figure 5.16: Solution strategy overrides.
5.7.1 Static analysis
This type of analysis is totally linear and was used to perform the simulations with the
elastic material. This way it is a complete linear problem, using small displacements and
a linear material. It is needed for this analysis that the displacement is changed every
time, i.e. to perform the 11 mm of displacement, 11 analysis runs are needed. For all
that has been said before, with this analysis it is supposed to obtain a straight line when
creating the graphic displacement-maximum constraint force. This analysis is used only
in models A and B.
5.7.2 Nonlinear static analysis
As the name suggests, this analysis is prepared to run with nonlinearities so that the
default options already include a check on LGDISP box. It was used with the elastic
material as well, but now considering that the model had large displacements, which
means that is includes geometric nonlinearity. In this case it is possible to deﬁne the
displacement load as 11 mm and to divide the steps in, for example, 10. This analysis is
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used only in models A and B.
5.7.3 Advanced nonlinear static analysis
The last analysis used is similar to the one described before but has more features that
can be changed. The material used in this last analysis is Nitinol. This is one of two
analysis that are possible to use with SMA card that Femap has. An Automatic time
stepping (ATS) option is available and allows the solver to achieve convergence in less
steps, according to the type that is chosen. In ﬁgure 5.17, it is shown the menu where this
choice is made and which is the option used in this problem. Tests were performed for
both models and all the three meshes considering the use of LGDISP and no LGDISP.
This way, in the end all the nonlinearities are considered: geometric and/or material. This
analysis is used in all the three model tests performed. In the next chapter the results
obtained for the referred analysis and models will be presented, with the corresponding
discussion.
Figure 5.17: Convergence parameters and options made.
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Chapter 6
Results
After explaining all the process involved in this Dissertation, it is time to present and
discuss the results that were obtained. Therefore, and following the same division as
before, ﬁrst it is presented the results of the tensile test, later for the prototype models
and lastly for the stents, both model A and B.
6.1 Two element cube tensile test
In table 6.1 the results for the seven points tested for each material considered, i.e.
Ferraro's [2] and Divringi and Ozcan work [5] (named as Divringi) are presented. The
main objective of the performed tests is to understand how the seven diﬀerent points
aﬀect the convergence of the solution and what diﬀerences does it show when analyzing
a variable as the maximum strain εmax.
Table 6.1: Obtained results for the seven points created in last section.
Material Point T [K] ξs Convergence εmax
Ferraro's
1 231 0.5 Yes 0.0123
2 202 1 Yes 0.0123
3 243.5 1 Yes 0.0123
4 243.5 0 Yes 0.0123
5 254 0.5 Yes 0.0123
6 265 0 No -
7 254 0 Yes 0.0123
Divringi's
1 281 0.5 Yes 0.0259
2 250 1 Yes 0.0252
3 293 1 Yes 0.0262
4 293 0 Yes 0.0262
5 305 0.5 No -
6 320 0 No -
7 305 0 No -
From the analysis of table 6.1 (tensile test on the two element cube) it is possible
to conclude that for the seven points created, only four of them allowed a solution to
converge. Also, all of these four points presented similar results for the maximum strain,
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which helps to conclude that even though the temperature has changed, as well as the
martensite volume fraction, for the curve martensite volume fraction-temperature, the
obtained value for maximum strain will always be very similar to the ones obtained. Two
diﬀerent materials were used in order to understand if it was possible for the solution to
converge when using a body load temperature near to 310 K (that corresponds to the
human body temperature) so that the conditions in vivo are also simulated. However,
the most preferable point to achieve convergence, point 6, did not presented a possible
solution for none of the materials. An intriguing convergence was obtained for points
number 5 and 7, both with the same temperature, when using Ferraro's material. Along
the rest of the dissertation, these points never achieved convergence again which allows
to conclude that the geometry of the model also has inﬂuence in this solutions.
6.2 Prototype models bending test
Similarly to what was explored in the previous section, the described seven points were
tested for both materials and both prototype models. Maintaining the main goal, of
understanding how the temperature and martensite volume fraction combinations would
interfere with the solution, the bending tests were performed and the maximum contraint
force (RFmax) was compared for the applied 3 mm displacement. The results are shown
in tables 6.2, 6.3 and 6.4 presented next in the corresponding subsection. Images 6.1 and
6.2 correspond to each prototype model deformed after the analysis is complete.
Figure 6.1: Prototype
model A deformed.
Figure 6.2: Prototype
model B deformed.
6.2.1 Prototype A
The results presented next are referring two diﬀerent meshes of the same prototype model,
as it was explained before. The ﬁrst one corresponds to a rougher mesh (original mesh),
table 6.2, while table 6.3 corresponds to the reﬁned mesh. Note that for the reﬁned mesh,
only Ferraro's material was tested.
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Table 6.2: Prototype model A: original mesh results on convergence.
Material Point T [K] ξs Convergence RFmax [N]
Ferraro's
1 231 0.5 Yes 7.828
2 202 1 Yes 7.828
3 243.5 1 Yes 7.828
4 243.5 0 Yes 7.828
5 254 0.5 No -
6 265 0 No -
7 254 0 No -
Divringi's
1 281 0.5 Yes 4.529
2 250 1 Yes 4.527
3 293 1 Yes 4.53
4 293 0 Yes 4.53
5 305 0.5 No -
6 320 0 No -
7 305 0 No -
Table 6.3: Prototype model A: reﬁned mesh results on convergence.
Material Point T [K] ξs Convergence RFmax
Ferraro's
1 231 0.5 Yes 7.191
2 202 1 Yes 7.191
3 243.5 1 Yes 7.191
4 243.5 0 Yes 7.191
5 254 0.5 No -
6 265 0 No -
7 254 0 No -
In this topic, an approach regarding the mesh of prototype model A was also made
in order to understand if it has any inﬂuence on the results obtained. Matter of fact it
has, so it is possible to conclude that the size of the mesh has inﬂuence on the results,
lowering the maximum constraint force. However this process of mesh reﬁnement is also
time consuming and, therefore, it is needed to evaluate the cost-beneﬁce before reﬁning
the mesh.
6.2.2 Prototype B
The same approach was followed regarding prototype model B and the results are pre-
sented next (table 6.4). Convergence behavior was studied as well as the maximum
reaction force value for the 3 mm displacement.
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Table 6.4: Prototype model B: results on convergence.
Material Point T [K] ξs Convergence RFmax [N]
Ferraro's
1 231 0.5 Yes 2.668
2 202 1 Yes 2.669
3 243.5 1 Yes 2.668
4 243.5 0 Yes 2.668
5 254 0.5 No -
6 265 0 No -
7 254 0 No -
Divringi's
1 281 0.5 Yes 1.59
2 250 1 Yes 1.588
3 293 1 Yes 1.59
4 293 0 Yes 1.59
5 305 0.5 No -
6 320 0 No -
7 305 0 No -
Using the same strategy as for the last topic, the prototype models both showed
convergence only for four out of the seven points tried. Once more, the results obtained
allowed to take conclusions on what values to expect for the maximum constraint force
within those temperature's range, for the applied displacement. Both materials, for
prototype models A and B, presented very similar values for the variable tested (diﬀerent
than the one tested for the tensile test), the maximum constraint force.
6.3 Model A
In the present section all the results regarding model A are described. Firstly the results
corresponding to the simulations with the elastic material and their deformed models,
according to the diﬀerent analysis setups used. Secondly, the results corresponding to
the Nitinol simulations are presented with the particularity of being divided in two topics
including: large displacements and without large displacements option. Lately, in each
one of the main topics, a comparison between all the three meshes and the reference ob-
tained through Ferraro's work [2] for each model is presented. Note that all ﬁgures in the
following topics are regarding mesh number 3, when the value of 11 mm of displacement
is applied.
6.3.1 Elastic material testing
Linear static analysis
Table 6.5 shows the results on the maximum reaction force obtained for all the three
meshes. Figure 6.3 represents the model deformed and the graphic (see ﬁgure 6.4) shows
a comparison between the three meshes and the reference.
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Figure 6.3: Model A using elastic material: linear static analysis (deformed model).
Table 6.5: Model A: elastic material testing results using a linear static analysis.
u [mm]
RFmax [N]
Mesh 1 Mesh 2 Mesh 3
0 0 0 0
1 0.0278 0.025 0.0239
2 0.0556 0.0499 0.0479
3 0.0834 0.0749 0.0718
4 0.111 0.0898 0.0958
5 0.139 0.125 0.12
6 0.167 0.15 0.144
7 0.195 0.175 0.168
8 0.222 0.2 0.192
9 0.25 0.225 0.216
10 0.278 0.25 0.239
11 0.306 0.274 0.263
Figure 6.4: Model A: linear static analysis performed with an elastic material mesh
comparison.
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For the elastic material and linear static analysis it is easy to observe that the ex-
pected response was obtained, i.e. a purely linear response, with no nonlinearity present.
Also, the values obtained for RFmax in this tests were the closest ones to the reference.
Regarding the mesh comparison, it is possible to conclude that mesh number 3 is the one
that provides better results, as well as it can be stated that the more reﬁned the mesh
is, the better the results obtained.
Nonlinear static analysis
In this case, the table with the values obtained in the simulations it is not presented due
to its size. However, the deformed model and the mesh comparison graphic are presented
next (see ﬁgures 6.5 and 6.6).
Figure 6.5: Model A using elastic material: nonlinear static analysis (deformed model).
Figure 6.6: Model A: nonlinear static analysis performed with an elastic material mesh
comparison.
The use of geometric nonlinearities, i.e., LGDISP, resulted in values for the maxi-
mum constraint force too high. Although, regarding the form of the deformed model,
it is better. Once Ferraro's reference corresponds to large displacement regime, it was
expected that the values obtained in this analysis were closer to the reference that the
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last ones. However it did not happen as expected, being the maximum constraint force
(same as RFmax) too high. As it happened before, mesh number 3 has a better outcome
than mesh number 2, that also has a better outcome than mesh number 1.
6.3.2 Nitinol testing
At this point it is chosen to only test on the four points that allowed the solution to
converge, i.e. points 1 to 4. The results for the simulations using Nitinol are presented
next, with and without the option for large displacements. Only the results for mesh
number 3 (higher number of elements) are presented in the following subsections.
Analysis with small displacements
The results obtained for model A, mesh 3 with small displacements are presented in
table 6.6, and ﬁgures 6.7 and 6.8. Figure 6.9 presents a comparison between the three
meshes (note that for this comparison only the results of point number four were taken
into account).
Figure 6.7: Model A (deformed conﬁguration) using Nitinol and the small displacements
option.
Table 6.6: Model A: Nitinol testing with small displacements.
u [mm]
RFmax [N]
Point 1 Point 2 Point 3 Point 4
0 0 0 0 0
0.22 0.0255 0.0226 0.0267 0.0267
0.66 0.0326 0.0301 0.0337 0.0337
1.54 0.0522 0.0504 0.053 0.053
3.3 0.097 0.0957 0.0976 0.0976
6.82 0.197 0.197 0.197 0.197
10.34 0.3 0.3 0.3 0.3
11 0.319 0.32 0.319 0.319
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Figure 6.8: Model A results for the four points tested with small displacements and
Nitinol.
Figure 6.9: Model A: comparison between the three meshes.
As it was already stated before, regarding another models, also for model A the four
points studied presented similar values for the same displacement. However there is a
peculiarity in these cases,in this particular model, because in the very beginning of the
analysis (displacement values inferior to 3 mm) the values obtained in four diﬀerent points
were slightly diﬀerent. Nevertheless, in the end, i.e. for the 11 mm of displacement, they
all converged to the same value. Also, the behavior of nitinol is somehow similar to the
one in the reference and the maximum constraint force obtained for the linear static is
also closer to the reference.
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Analysis with large displacements
The results obtained for model A, mesh 3 with large displacements are presented in table
6.7, and ﬁgures 6.10 and 6.11. Figure 6.12 presents a comparison between the three
meshes.
Figure 6.10: Model A (deformed conﬁguration) using Nitinol and the large displacements
option.
Table 6.7: Model A: Nitinol testing with large displacements.
u [mm]
RFmax [N]
Point 1 Point 2 Point 3 Point 4
0 0 0 0 0
0.22 0.0255 0.0226 0.0267 0.0267
0.66 0.0401 0.0431 0.0388 0.0388
1.54 0.324 0.327 0.323 0.323
3.3 1.391 1.394 1.39 1.39
6.82 4.095 4.097 4.094 4.094
10.34 6.637 6.639 6.637 6.637
11 7.083 7.084 7.082 7.082
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Figure 6.11: Model A results for the four points tested with large displacements and
Nitinol.
Figure 6.12: Model A: comparison between the three meshes with large displacements
applied.
Although this analysis is the one assumed to better representing the behavior of
nitinol stents when undergoing a bending test, it provides worst results than the last one
(with small displacements). Comparing the three mesh sizes it is possible to conclude that
mesh number 3, despite the discrepancy of the value, is the one closer to the reference.
Regarding the four points analyzed it is possible to note that all the values obtained for
the corresponding displacement are similar.
6.4 Model B
Similarly to what was done in section 6.3, all results regarding model B are presented
next. The same logic division is used to help the reader understanding better all the
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results.
6.4.1 Elastic material testing
Linear static analysis
The table (see table 6.8) shows the results on the maximum constraint force obtained
for all the three meshes. The ﬁgure 6.13 represents the model deformed and the graphic
(see ﬁgure 6.14) shows a comparison between the three meshes and the reference.
Figure 6.13: Model B using an elastic material: linear static analysis (deformed model).
Table 6.8: Model B: elastic material testing results using a linear static analysis.
u [mm]
RFmax [N]
Mesh 1 Mesh 2 Mesh 3
0 0 0 0
1 0.468 0.666 0.59
2 0.936 1.332 1.18
3 1.403 1.998 1.77
4 1.871 2.664 2.36
5 2.339 3.33 2.95
6 2.807 3.996 3.54
7 3.275 4.663 4.13
8 3.742 5.329 4.72
9 4.21 5.995 5.31
10 4.678 6.661 5.9
11 5.146 7.327 6.49
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Figure 6.14: Model B: linear static analysis performed with an elastic material mesh
comparison.
In this case, as it is possible to note, both three meshes stayed far from the reference
values. Also, mesh number 2 presents a higher value for the maximum constraint force
comparing to mesh number 1, which is the opposite of what was obtained for all the
analysis performed in model A. As this constitutes a linear analysis it was expected to
obtain also a linear behavior, which happened.
Nonlinear static analysis
The table with the values obtained in the simulations will not be presented due to its
size. However, the deformed model and the mesh comparison graphic are presented next
(see ﬁgures 6.15 and 6.16).
Figure 6.15: Model B using an elastic material: nonlinear static analysis (deformed
model).
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Figure 6.16: Model B: nonlinear static analysis performed with an elastic material mesh
comparison.
The nonlinearity applied through the use of LGDISP can be seen through the curves
obtained in picture 6.16. Once more, mesh number 2 provided a worst outcome than
mesh number 1, contrarily to what was expected. However, the values for the maximum
constraint force are higher than when using the linear analysis.
6.4.2 Nitinol testing
At this point it is chosen to only test on the four points that allowed the solution to
converge, i.e. points 1 to 4. The results for the simulations using Nitinol are presented
next, with and without the option for large displacements. Only the results for mesh
number 3 (higher number of elements) are presented in the following subsections.
Analysis with small displacements
The results obtained for model B, mesh 3 with small displacements are presented in
table 6.9, and ﬁgures 6.17 and 6.18. Figure 6.19 presents a comparison between the three
meshes.
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Figure 6.17: Model B using Nitinol and a small displacements option (deformed shape).
Table 6.9: Model B: Nitinol testing with small displacements.
u [mm]
RFmax [N]
Point 1 Point 2 Point 3 Point 4
0 0 0 0 0
0.22 0.157 0.157 0.158 0.158
0.66 0.461 0.461 0.462 0.462
1.54 1.07 1.069 1.07 1.07
3.3 2.288 2.287 2.288 2.288
6.82 4.723 4.723 4.724 4.724
10.34 7.159 7.159 7.159 7.159
11 7.616 7.615 7.616 7.616
Figure 6.18: Model B results for the four points tested with small displacements and
nitinol.
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Figure 6.19: Model B: comparison between the three meshes.
Using small displacements allowed to obtain values of the maximum constraint force
similar to the ones obtained for the linear static analysis. Regarding the four points
studied, once more all of them provided similar results for the corresponding displacement
applied.
Analysis with large displacements
The results obtained for model B, mesh 3 with large displacements are presented in table
6.10, and ﬁgures 6.20 and 6.21. Figure 6.22 presents a comparison between the three
meshes.
Figure 6.20: Model B using Nitinol and a large displacements option (deformed shape).
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Table 6.10: Model B: nitinol testing with large displacements.
u [mm]
RFmax [N]
Point 1 Point 2 Point 3 Point 4
0 0 0 0 0
0.22 0.154 0.154 0.155 0.155
0.66 0.477 0.477 0.476 0.476
1.54 1.179 1.18 1.179 1.179
3.3 2.704 2.705 2.704 2.704
5.06 4.227 4.227 4.228 4.228
5.94 4.738 4.74 4.739 4.739
6.82 5.623 5.595 5.609 5.609
7.7 7.134 - - -
8.58 - 8.574 8.57 8.57
9.46 10.22 - - -
10.34 - 11.94 11.93 11.93
11 13.23 13.24 13.24 13.24
Figure 6.21: Model B results for the four points tested with large displacements and
nitinol.
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Figure 6.22: Model B: comparison between the three meshes with large displacements
applied.
The use of large displacements had, as already happened in model A, increased the
maximum constraint force, although the diﬀerence was smaller. However, for mesh num-
ber 2 it was not even possible to obtain the full analysis because it was not possible the
solution to converge. Regarding the four points studied, the values obtained were once
more similar.
In the following chapter a summary of all the conclusions will be made.
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Chapter 7
Conclusions
A little more persistence, a little more eﬀort, and what seemed hopeless failure may turn
to glorious success.
Elbert Hubbard
Nowadays, the use of computational methods in engineering, and particularly in the
development of medical devices, has become an important tool for manufacturers. These
tools allow to investigate diﬀerent experimental scenarios such as design modiﬁcations,
diﬀerent materials, and working conditions prior to the device manufacturing. In order to
study the structural behavior of cardiovascular stents when subjected to bending setups,
it was necessary to start from the roots. Therefore, applications of SMA were researched,
as well as the behavior of these smart materials, in order to have a deeper knowledge
about the areas of inﬂuence. It was necessary to understand how the phenomena works,
i.e. how does the SMA can suﬀer such a high deformation and, when a stimulus is
applied, it can recover its original form. The way its crystallographic structure works
and what eﬀects are associated to these kind of materials. The expandable devices, the
so called stents, were also explored in order to better understand what are the main
causes of failure for these devices. Being the device ﬂexibility one of the main features
for the success of the implant, bending tests were performed in order to compare two
diﬀerent commercially available stent models, model A and B. The results were presented
in the last chapter and, they are now discussed and conclusions are taken. The diﬀerent
analysis used, materials and geometry will be some of the main topics approached in the
present chapter.
All the tests performed had as main goal to get the maximum information possible to
help building the analysis setup for the bending test in both models A and B. Regarding
both of the materials, the elastic and nitinol, conclusions can be taken. For the elastic
material and linear static analysis it is easy to observe that the expected response was
obtained, i.e. a purely linear response, with no nonlinearity present. Nitinol's response
was also as it was expected, nonlinear, in both of the models (even when there were
no geometric nonlinearities applied, LGDISP). It is also noted that, for the prototype
models, the size of the mesh has inﬂuence in the obtained results. However, models A
and B, allow to take a deeper view on this topic. As it is possible to see for both model
A and B, elastic and nitinol materials for all the analysis performed, mesh number 3
is the one that always provides better results, with the exception to model B already
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referred. As this only happened for this mesh, it is possible to assume that the mesh
itself probably has some irregularity that causes this diﬀerence. The geometry in this
kind of devices plays an important role. As it was said before, model A is called an
open-cell stent while model B is a close-cell. This implies that model A has a better
ﬂexibility when comparing to model B which is possible to conﬁrm when analyzing the
ﬁgures of the deformed models.
In general, for both models, the analysis using nitinol and small displacements was
the one that provided better information. Contrarily to what was expected for the large
displacements analysis, it strongly increased the results. Throughout the whole analy-
sis, all the four points analyzed provided similar results for the corresponding applied
displacement.
The fact that it is not possible to know what lies beneath the constitutive model
used in Femap, i.e. what is(are) the macro model(s) used by the solver to calculate
the variables, and that the menu used for simulation was for SMA in general, leaves
some uncertainties. For example, when performing tests for the prototype models, the
Divringi's material was also used to compare the results. From the theory it is known
that it is easier to deform SMA when they are in the martensitic phase. Also, Young
Modulus for martensite and austenite are speciﬁed in this case, being martensite's Young
Modulus smaller than austenite's. This should mean that when in martensite phase, the
material is less stiﬀ, i.e. softer. Therefore, there should be a diﬀerence in the maximum
constraint force whenever the martensite volume fraction is changed, which does not
happen throughout the present work. Also, it is known that the superelastic response of
SMA is dependent on the temperature, which should represent changes in the results,
when the temperature is changed. Despite all the referred unknowns, a major conclusion
can be taken: the main goal of the present work was achieved.
7.1 Future works
Regarding everything that was explored during the present work, it is possible to under-
stand that there is not much work done in Femap when it comes to the simulation of
SMA. Therefore, the future works should pass by trying diﬀerent tests that are present
in the literature. For example, there are a lot of studies regarding the deployment of
the stent using FEM but almost all use Abaqus together with in-house subroutines.
Stent expansion and crimping tests are also another possibility, since they can also cause
structural instability. Another interesting work would be to, using Femap, simulate the
interaction of the device with the vessel wall, analyzing how the force on the vessel
wall/stent surfaces evolves right after the deployment of the stent.
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